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ABSTRACT
Impact cratering has played a key role in the evolution of the solid surfaces of
Solar System bodies. While much of Earth’s impact record has been erased, its Moon
preserves an extensive history of bombardment. Quantifying the timing of lunar
impact events is crucial to understanding how impacts have shaped the evolution of
early Earth, and provides the basis for estimating the ages of other cratered surfaces
in the Solar System.
Many lunar impact melt rocks are complex mixtures of glassy and crystalline “melt”
materials and inherited clasts of pre-impact minerals and rocks. If analyzed in bulk,
these samples can yield complicated incremental release 40Ar/39Ar spectra, making
it challenging to uniquely interpret impact ages. Here, I have used a combination of
high-spatial resolution 40Ar/39Ar geochronology and thermal-kinetic modeling to gain
new insights into the impact histories recorded by such lunar samples.
To compare my data to those of previous studies, I developed a software tool to
account for differences in the decay, isotopic, and monitor age parameters used for
different published 40Ar/39Ar datasets. Using an ultraviolet laser ablation microprobe
(UVLAMP) system I selectively dated melt and clast components of impact melt rocks
collected during the Apollo 16 and 17 missions. UVLAMP 40Ar/39Ar data for samples
77135, 60315, 61015, and 63355 show evidence of open-system behavior, and provide
new insights into how to interpret some complexities of published incremental heating
40Ar/39Ar spectra. Samples 77115, 63525, 63549, and 65015 have relatively simple
thermal histories, and UVLAMP 40Ar/39Ar data for the melt components of these rocks
indicate the timing of impact events—spanning hundreds of millions of years—that
influenced the Apollo 16 and 17 sites. My modeling and UVLAMP 40Ar/39Ar data for
sample 73217 indicate that some impact melt rocks can quantitatively retain evidence
i
for multiple melt-producing impact events, and imply that such polygenetic rocks
should be regarded as high-value sampling opportunities during future exploration
missions to cratered planetary surfaces. Collectively, my results complement previous
incremental heating 40Ar/39Ar studies, and support interpretations that the Moon
experienced a prolonged period of heavy bombardment early in its history.
ii
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Chapter 1
INTRODUCTION TO LUNAR IMPACT GEOCHRONOLOGY
The consequences of impact on the solid bodies of the solar system are
manifest and legion. — M. Cintala and Grieve (1998)
1.1 Prologue
Since the birth of our Solar System, when the first solids condensed from the cooling
solar nebula and the first dusty aggregates of material coalesced, collisions among
objects orbiting the sun have played a crucial role in constructing, and deconstructing,
planetary objects. Within several millions of years after the first solids formed, many
objects had grown into differentiated planetary embryos, and the giant planets like
Jupiter had accreted much of their present-day mass (Elkins-Tanton et al., 2011).
Around the time that planet formation was winding down some 50–150 millions of
years after the first solids, the early Earth likely suffered a massive collision with
another protoplanetary object; some of the debris ejected by that event lingered
in orbit about the Earth, and eventually formed our Moon (Elkins-Tanton, 2012).
Throughout the Solar System, impacts have continued to scar the surfaces of the
solid bodies with craters, including the Earth and other terrestrial planets, our Moon,
the rocky and icy moons of the outer planets, and even the surfaces of asteroids and
comets. Since the beginning of the space age, humanity has sent robotic spacecraft
and, in the case of the Moon, humans to explore these objects. Many of the images
and samples that have been returned to Earth testify to the importance of impact
cratering as a geologic process, and impact studies have become an integral part of
the earth and planetary sciences (French, 1998; Osinski and Pierazzo, 2013).
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1.2 Motivation
Given that hypervelocity impacts have effectively occurred universally throughout
the Solar System, it is critical to understand the impact process and how it has
affected the evolution of any individual planetary body. We now know that impacts
have influenced the geological history of the Earth by generating distinctive landforms
and rocks, participated in one or more major mass extinction events, and even caused
economically exploitable ore deposits to form (French, 1998). However, the Earth is
a geologically active place, where the many agents of erosion, plate tectonics, and
volcanism conspire to erase the evidence of impacts. At the time of writing this
dissertation, only 190 impact structures have been conclusively identified on the Earth,
and the oldest that has been precisely dated—The Vredefort impact structure in
South Africa—is about 2 billion years old (Kamo et al., 1996; Earth Impact Database
2017). In contrast, the surface of the Moon is pockmarked by many thousands of
impact craters, many of which have fundamentally influenced the stratigraphy of the
Moon that we observe today and range in age from ancient to just-formed (Wilhelms,
1987; Speyerer et al., 2016). Because rock samples have been returned by the Luna
and Apollo missions, the lunar impact record has become the golden standard by
which the bombardment histories of many other planetary objects, including the early
Earth, can be understood (Stöffler et al., 2006).
Quantitatively determining the timing of major impact events on the Moon—
like those that created the giant impact basins—is of critical importance for our
understanding of the lunar impact record. This provides important constraints on
how the number and types of impactors have varied through time in the vicinity of
the Earth-Moon system, and how impacts may have affected the early evolution of
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the Earth and emerging biological systems (e.g., Ryder, 2002; Abramov and Mojzsis,
2009). While it is well established that the impact rate was much higher in the
first several hundreds of millions of years of lunar history (e.g., Hartmann, 1965b;
Hartmann, 1966), the nature in which the impactor flux decreased to the present rate
has been debated (Hartmann, 2003; Zellner, 2017). Of particular concern is whether
the impactor flux declined monotonically (e.g., Hartmann, 1965a; Neukum et al.,
1975a), or if there was a dramatic spike (or perhaps several spikes) in the impactor flux
that produced numerous large impact basins in less than ca. 200 Ma (e.g., Tera et al.,
1974; Kring and Cohen, 2002). The later scenario, commonly referred to as the “Lunar
Cataclysm” or the “Late Heavy Bombardment” (LBH; note that some researchers use
these terms interchangeably while others draw a distinction; see Zellner, 2017), became
relatively well accepted within the lunar science community because of a general lack
of evidence for basin-forming impacts older than ca. 3.9 Ga (e.g., Dalrymple and
Ryder, 1993; Dalrymple and Ryder, 1996), though some argued that older impact
melt rocks may have simply been largely destroyed due to the earlier high rate of
impacts (see for example discussions in Hartmann, 1975; Hartmann, 2003). However,
more recent studies of lunar meteorites and returned samples have yielded a growing
body of evidence for both older and younger impact rocks (e.g., Fernandes et al.,
2000; Fernandes et al., 2003; Norman et al., 2006; Grange et al., 2009; Shuster et al.,
2010; Fernandes et al., 2013; Norman et al., 2016), indicating a prolonged period of
bombardment that included the formation of one or more impact basins at least as
old as 4.2 Ga (Zellner, 2017).
Quantifying the ages of lunar samples also allows the density of craters in key
regions of the lunar surface—like some of the volcanic maria visited during the Luna and
Apollo missions—to be calibrated to radiometric time (Neukum et al., 1975a; Neukum
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et al., 1975b; Neukum et al., 2001; Stöffler et al., 2006; Le Feuvre and Wieczorek,
2011; Robbins, 2014). This requires accurately and precisely determining both the
crater size-frequency distribution (CSFD) of a surface (Le Feuvre and Wieczorek,
2011; Robbins, 2014) and the age of one or more samples that are representative of
the time that surface formed. If these conditions are satisfied, and multiple surfaces
with a range of ages (and CSFDs) are calibrated in this way, then the ages other lunar
surfaces can be determined by interpolation or extrapolation. Further, by accounting
for differences between the impactor flux at the Moon and those expected at different
locations in the Solar System (for example at Mercury or Mars) we can use the lunar
CSFD-age calibration curve to infer the ages of the cratered surfaces of those objects
from orbital photography (Hartmann, 1977)—an important capability since we do not
have samples from known locations for most planetary bodies in the Solar System.
In order to quantify the ages of lunar impact melt rocks we turn to radioisotope
geochronology, a method that historically began revolutionizing our understanding of
the age of the Earth shortly after the discovery of radioactivity by Henri Becquerel in
1896, and which Arthur Holmes, who is widely considered to be one of the founding
fathers of modern geochronology, hailed as the “...most elegant method yet devised of
measuring geological time” (Holmes, 1913, pp. 137). Since those early days, a wide
variety of mineral-isotopic chronometers have been developed to quantitatively address
the issue of time in geological problems. To date impact events, we are interested in
mineral-isotopic systems that can be reset by the extreme temperature conditions of
impact. The 40Ar/39Ar method, which is based on the decay of 40K to 40Ar, meets
this criterion (Young et al., 2013), and has been widely applied in dating studies of
lunar samples, and particularly impact melt rocks (e.g., Kirsten et al., 1973b; Maurer
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et al., 1978; Dalrymple and Ryder, 1993; Dalrymple and Ryder, 1996; Norman et al.,
2006; Fernandes et al., 2013).
The 40Ar/39Ar method was, in part, developed in an effort to reduce the amount
of mass that was needed to date a sample compared to the K-Ar technique, which
required measurements of the absolute abundances of 40K and 40Ar in separate aliquots.
In the 40Ar/39Ar method, some of the stable 39K in a sample is first transformed
to 39Ar by irradiation with high-energy neutrons, allowing the age to be determined
by measuring the ratio of radiogenic 40Ar to reactor-derived 39Ar in a single sample
aliquot. This advantage, coupled with the possibility of detecting and correcting for
the presence of non-radiogenic Ar isotopes trapped within a sample, provided obvious
benefits for studying precious lunar and meteoritic materials (Merrihue and Turner,
1966). In addition, early users of the technique found that 40Ar/39Ar experiments
involving incrementally heating mineral separates or bulk-rock chips to progressively
higher temperatures provided a means of diagnosing whether a sample had experienced
open-system behavior by plotting the data as a “release spectrum” (e.g., Turner, 1968;
Fitch et al., 1969; McDougall and Harrison, 1999).
However, many lunar impact melt rocks are complex mixtures of now-solid glassy
and crystalline “melt” materials and inherited mineral and lithic “clasts” leftover from
the pre-impact rocks. As a result, many of these rocks yield complex incremental
release spectra from which it can be difficult to uniquely interpret the ages of impact
events (Deutsch and Schärer, 1994; Bogard, 1995; Jourdan et al., 2012; Young et
al., 2013). Furthermore, because the Moon preserves such an extensive record of
bombardment, some rocks experience multiple impacts, and therefore can incorporate
multiple generations of melt materials and unmelted clasts that have their K-Ar
systematics variably reset. Although evidence for multiple impact events may still
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be recovered from some samples (Wang et al., 1980), release spectra of rock chips
containing mixed generations of melt materials and partly degassed clasts can be
particularly difficult to interpret.
An alternative to stepwise heating 40Ar/39Ar experiments is to date materials
selectively in petrographic context, allowing for more direct interpretations of the
ages of individual components of complex impact melt rocks. Early efforts to do this
involved the use of infrared (IR) lasers to heat and melt small volumes of material, and
revealed age variations in some lunar samples over spatial scales of a few hundreds of
micrometers (Plieninger and O. A. Schaeffer, 1976; Müller et al., 1977; Eichhorn et al.,
1978; Eichhorn et al., 1979). Unfortunately, IR lasers cause considerable collateral
heating of a sample outside of the region where the laser beam is focused, making it
difficult to assess the total volume of material that contributed gas to an 40Ar/39Ar
analysis (Hames and K. V. Hodges, 1993; Kelley et al., 2009). In contrast, pulsed
ultraviolet (UV) lasers can be used to ablate, rather than melt, small volumes of
material in a polished rock sample, and cause effectively no collateral heating that
could affect an 40Ar/39Ar analysis (Kelley et al., 1994; Kelley et al., 2009; van Soest
et al., 2011).
Thus, the focus of this dissertation has been to apply the UV laser ablation
microprobe (UVLAMP) 40Ar/39Ar technique to study impact melt rocks returned by
the Apollo 16 and 17 missions to the Moon. I provide short previews of the remaining
chapters in the following section. Chapters 2-6 were prepared for publication in
peer-reviewed journals, and therefore contain overlapping background material. All
coauthors have granted their permission to include these papers as chapters in this
dissertation. Citation information is provided at the beginning of each chapter.
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1.3 Previews of the Following Chapters
Chapter 2. Given the rich history of 40Ar/39Ar studies on lunar samples, it is
critical to ensure that our UVLAMP 40Ar/39Ar results are comparable to previous
work. However, as with other radioisotopic systems, it is necessary to know the
relative abundance of the radioactive parent isotope compared to other isotopes of
the same element, and it is necessary to know the rate at which the decay of the
parent isotope progresses to produce a stable daughter isotope of a different element.
In 40Ar/39Ar geochronology, the accepted values for these parameters have changed
over time, largely due to improvements in analytical capabilities. This in turn affects
the accepted ages for standard materials that are coirradiated with unknowns to
monitor the production of 39Ar in the nuclear reactor. Chapter 2 describes a software
application that I developed called the Argon Age Recalculator, or ArAR, that allows
researchers to easily and robustly account for differences in the decay, isotopic, and
monitor age parameter values used for different published 40Ar/39Ar datasets.
Chapter 3. The Apollo 17 mission was sent to the Taurus-Littrow Valley on the
Moon, which is situated at the southeastern rim of the Serenitatis impact basin. Over
the course of three periods of extra-vehicular activities (EVAs) that lasted a combined
75 hours, astronauts Harrison “Jack” Schmitt and Eugene Cernan covered some 35
kilometers (nearly 22 miles) with the lunar rover and collected 110 kg of rocks. In
Chapter 3 we studied two of the impact melt rocks, 77115 and 73217, that were
collected several kilometers apart from one another, and which provide very different
insights into the lunar impact record. Sample 77115 has a relatively simple history,
containing a single generation of impact melt for which we interpreted an age of
3834± 20 Ma, and clasts of partially reset materials ranging in age from ca. 4230–3892
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Ma. In contrast, UVLAMP 40Ar/39Ar data for sample 73217 imply that multiple
melt-forming impacts affected the sample between ca. 3808 Ma and at least as recently
as ca. 3273 Ma. The older melt components of these samples support interpretations
that impact melt rocks sampled at the Apollo 17 site include a component of ejecta
from the Imbrium impact basin to the west.
Chapter 4. Inspired in part by the empirical evidence from sample 73217 that
multiple generations of impact melts can be intimately associated on spatial scales of a
few millimeters, we modeled the thermal evolution of thin veins of impact melt and the
consequent loss of Ar from nearby materials in polygenetic impact melt rocks (Chapter
4). We found that mm-scale clast-free melt veins can cause a significant amount of Ar
loss from adjacent host rocks, and cause detectable variations in apparent 40Ar/39Ar
age in contact zones with maximum thicknesses comparable to the vein-widths. The
incorporation of cold clasts in melt veins dramatically reduces the degree of heating
and Ar loss from adjacent host rocks, and, for sufficiently clast-rich melt veins, can
prevent detectable variations in the apparent 40Ar/39Ar ages of host materials. These
results imply that polygenetic impact melt rocks can indeed preserve quantitative
evidence for the timing of multiple impact events, particularly for those that contain
clast-bearing melt products.
Chapter 5. Incremental heating 40Ar/39Ar spectra for some lunar impact melt
rocks exhibit low apparent ages at low temperatures, and progressively older apparent
ages at intermediate to high temperatures. This has classically been attributed to
open system behavior (e.g., Turner, 1968; Fitch et al., 1969; McDougall and Harrison,
1999), and can make it challenging to interpret impact ages from release spectra of this
type. In Chapter 5 we used the UVLAMP 40Ar/39Ar technique to explore the meaning
of such diffusive loss spectra for the Apollo 17 sample 77135 in detail. We found that
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K-rich glass and K-feldspar in the mesostasis of this sample are likely the dominant
sources for the gasses released in the low-temperature portions of whole-rock 40Ar/39Ar
incremental release spectra for this rock, while Ca-rich plagioclase and pyroxene in
oikocryst cores primarily contribute gasses to the intermediate- to high-temperature
steps. In addition, while the UVLAMP 40Ar/39Ar dates for some clasts of Ca-rich
plagioclase are distinctly older than the melt, we found several clasts to be younger
than the oldest melt components in 77135. We consider 39ArK recoil (Turner and
Cadogan, 1974) to be an unlikely mechanism in this case.
Chapter 6. The Apollo 16 mission was sent to investigate the Descartes Mountains
and Cayley Plains in the lunar highlands. Over the course of three EVAs with a
combined duration of 71 hours, astronauts John Young and Charlie Duke traversed
some 27 kilometers (nearly 17 miles) with the lunar rover and collected 95 kg of rocks.
Many of these rocks contain impact melt components, which are geochemically diverse
(Korotev, 1994) and likely represent multiple impact events and ejecta from multiple
nearby impact basins, including Imbrium (e.g., Korotev, 1997; Norman et al., 2006;
Petro and Pieters, 2006; Norman et al., 2010). In Chapter 6, we reported UVLAMP
40Ar/39Ar data for six samples that are representative of the geochemical diversity
of Apollo 16 impact melt rocks. Our results support previous indications that many
Apollo 16 impact melt rocks have ages ranging from ca. 4.2–3.8 Ga. In addition,
we found that the degree to which mineralogy and petrographic context correlate
with apparent ages varies among three of the studied samples. Finally, we reported
cosmic ray exposure dates for three of the analyzed samples that are consistent with
previous bulk-heating studies. Collectively our results demonstrate that the UVLAMP
40Ar/39Ar technique is an effective tool that can complement incremental heating
40Ar/39Ar methods in studying impact events throughout lunar history.
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Chapter 7. In the final chapter I provide a synthesis of the results from Chapters
2–6 in the context of our current understanding of the lunar impact record, suggest
some possible avenues for future research, and comment on some of the implications
for the design of future human and robotic sample return missions to cratered bodies.
Citation information for chapters 2–6 is provided below:
Chapter 2. C. M. Mercer and K. V. Hodges, (2016). ArAR — A Software Tool
to Promote the Robust Comparison of K-Ar and 40Ar/39Ar Dates Published Using
Different Decay, Isotopic, and Monitor-Age Parameters. Chemical Geology, 440, pp.
148–163.
Chapter 3. C. M. Mercer et al., (2015). Refining Lunar Impact Chronology Through
High Spatial Resolution 40Ar/39Ar Dating of Impact Melts. Science Advances, 1 (1),
e1400050.
Chapter 4. C. M. Mercer and K. V. Hodges, (2017). Diffusive Loss of Argon in
Response to Melt Vein Formation in Polygenetic Impact Melt Breccias. In review at
Journal of Geophysical Research—Planets.
Chapter 5. C. M. Mercer, K. V. Hodges, B. L. Jolliff, M. C. van Soest, J.-A. Wartho,
and J. R. Weirich (2017). Exploring the Variability of Argon Loss in Impact Melt
Rock 77135 with High Spatial Resolution 40Ar/39Ar Geochronology. In preparation
for submission to Meteoritics & Planetary Science.
Chapter 6. C. M. Mercer, K. V. Hodges, M. C. van Soest, and C. S. McDonald (2017).
Imbrium, Before, and After: Insights Into the Impact Record at Descartes-Cayley
From High Spatial Resolution 40Ar/39Ar Geochronology. In preparation for submission
to Geochimica et Cosmochimica Acta.
10
References
Abramov, O. and S. J. Mojzsis (2009). Microbial Habitability of the Hadean Earth
During the Late Heavy Bombardment. Nature 459 (7245), pp. 419–422.
Bogard, D. D. (1995). Impact Ages of Meteorites: A Synthesis. Meteoritics & Planetary
Science 30 (3), pp. 244–268.
Cintala, M. and R. A. F. Grieve (1998). Scaling Impact Melting and Crater Dimensions:
Implications for the Lunar Cratering Record. Meteoritics & Planetary Science
33 (4), pp. 889–912.
Dalrymple, G. B. and G. Ryder (1993). 40Ar/39Ar Age Spectra of Apollo 15 Impact
Melt Rocks by Laser Step-Heating and Their Bearing on the History of Lunar
Basin Formation. Journal of Geophysical Research 98 (E7), pp. 13085–13095.
Dalrymple, G. B. and G. Ryder (1996). Argon-40/Argon-39 Age Spectra of Apollo 17
Highlands Breccia Samples by Laser Step Heating and the Age of the Serenitatis
Basin. Journal of Geophysical Research 101 (E11), pp. 26069–26084.
Deutsch, A. and U. Schärer (1994). Dating Terrestrial Impact Events. Meteoritics &
Planetary Science 29 (3), pp. 301–322.
Earth Impact Database (2017). url: http://www.passc.net/EarthImpactDatabase/
(visited on 05/24/2017).
Eichhorn, G., O. B. James, O. A. Schaeffer, and H. W. Müller (1978). Laser 39Ar-40Ar
Dating of two Clasts from Consortium Breccia 73215. Lunar and Planetary Science
Conference 9, pp. 855–876.
Eichhorn, G., J. J. McGee, O. B. James, and O. A. Schaeffer (1979). Consortium
Breccia 73255: Laser 39Ar-40Ar Dating of Aphanite Samples. Lunar and Planetary
Science Conference 10, pp. 763–788.
Elkins-Tanton, L. T., B. P. Weiss, and M. T. Zuber (2011). Chondrites as Samples of
Differentiated Planetesimals. Earth and Planetary Science Letters 305, pp. 1–10.
Elkins-Tanton, L. T. (2012). Magma Oceans in the Inner Solar System. Annual Review
of Earth and Planetary Sciences 40, pp. 113–139.
Fernandes, V. A., R. Burgess, and G. Turner (2003). 40Ar-39Ar Chronology of Lunar
Meteorites Northwest Africa 032 and 773. Meteoritics & Planetary Science 38 (4),
pp. 555–564.
11
Fernandes, V. A., R. Burgess, and G. Turner (2000). Laser Argon-40-Argon-39 Age
Studies of Dar Al Gani 262 Lunar Meteorite. Meteoritics & Planetary Science
35 (6), pp. 1355–1364.
Fernandes, V. A., J. Fritz, B. P. Weiss, I. Garrick-Bethell, and D. L. Shuster (2013).
The Bombardment History of the Moon as Recorded by 40Ar-39Ar Chronology.
Meteoritics & Planetary Science 48 (2), pp. 241–269.
Fitch, F. J., J. A. Miller, and J. G. Mitchell (1969). A New Approach to Radio-
Isotopic Dating in Orogenic Belts. Time and Place in Orogeny. Ed. by P. E. Kent,
G. E. Satterthwaite, and A. M. Spencer. Geological Society of London Special
Publication, pp. 157–195.
French, B. M. (1998). Traces of Catastrophe: A Handbook of Shock-Metamorphic
Effects in Terrestrial Meteorite Impact Structures. LPI Contribution Series.
Grange, M. L., A. A. Nemchin, R. T. Pidgeon, N. Timms, J. R. Muhling, and A. K.
Kennedy (2009). Thermal History Recorded by the Apollo 17 Impact Melt Breccia
73217. Geochimica et Cosmochimica Acta 73 (10), pp. 3093–3107.
Hames, W. and K. V. Hodges (1993). Laser 40Ar/39Ar Evaluation of Slow Cooling
and Episodic Loss of 40Ar from a Sample of Polymetamorphic Muscovite. Science
261 (5129), pp. 1721–1723.
Hartmann, W. K. (1965a). Secular Changes in Meteoritic Flux Through the History
of the Solar System. Icarus 4, pp. 207–213.
Hartmann, W. K. (1965b). Terrestrial and Lunar Flux of Large Meteorites in the Last
Two Billion Years. Icarus 4, pp. 157–165.
Hartmann, W. K. (1966). Early Lunar Cratering. Icarus 5, pp. 406–418.
Hartmann, W. K. (1975). Lunar “Cataclysm”: A Misconception? Icarus 24, pp. 181–
187.
Hartmann, W. K. (1977). Relative Crater Production Rates on Planets. Icarus 31 (2),
pp. 260–276.
Hartmann, W. K. (2003). Megaregolith Evolution and Cratering Cataclysm Models—
Lunar Cataclysm as a Misconception (28 Years Later). Meteoritics & Planetary
Science 38 (4), pp. 579–593.
Holmes, A. (1913). The Age of the Earth. New York: Harper & Brothers.
12
Jourdan, F., W. U. Reimold, and A. Deutsch (2012). Dating Terrestrial Impact
Structures. Elements 8 (1), pp. 49–53.
Kamo, S. L., W. U. Reimold, T. E. Krogh, and W. P. Colliston (1996). A 2.023 Ga
Age for the Vredefort Impact Event and a First Report of Shock Metamorphosed
Zircons in Pseudotachylitic Breccias and Granophyre. Earth and Planetary Science
Letters 144 (3-4), pp. 369–387.
Kelley, S. P., N. O. Arnaud, and S. P. Turner (1994). High Spatial Resolution 40Ar/39Ar
Investigations Using an Ultra-Violet Laser Probe Extraction Technique. Geochimica
et Cosmochimica Acta 58 (16), pp. 3519–3525.
Kelley, S. P., D. J. Cherniak, K. A. Farley, and J. Schwanethal (2009). Testing the
Limits to High Spatial Resolution Laser Analysis of Noble Gases in Natural and
Experimental Samples. Geochimica et Cosmochimica Acta 73, A636.
Kirsten, T., P. Horn, and J. Kiko (1973b). 39Ar-40Ar Dating and Rare Gas Analy-
sis of Apollo 16 Rocks and Soils. Proceedings of the Lunar Science Conference
(Supplement 4, Geochimica et Cosmochimica Acta, vol. 2) 4, pp. 1757–1784.
Korotev, R. L. (1994). Compositional Variation in Apollo-16 Impact-Melt Breccias
and Inferences for the Geology and Bombardment History of the Central-Highlands
of the Moon. Geochimica et Cosmochimica Acta 58 (18), pp. 3931–3969.
Korotev, R. L. (1997). Some Things We Can Infer About the Moon From the Compo-
sition of the Apollo 16 Regolith. Meteoritics & Planetary Science 32 (4), pp. 447–
478.
Kring, D. A. and B. A. Cohen (2002). Cataclysmic Bombardment Throughout the
Inner Solar System 3.9–4.0 Ga. Journal of Geophysical Research 107 (E2).
Le Feuvre, M. and M. A. Wieczorek (2011). Nonuniform Cratering of the Moon and a
Revised Crater Chronology of the Inner Solar System. Icarus 214 (1), pp. 1–20.
Maurer, P. et al. (1978). Pre-Imbrian Craters and Basins: Ages, Compositions and
Excavation Depths of Apollo 16 Breccias. Geochimica et Cosmochimica Acta
42 (11), pp. 1687–1720.
McDougall, I. and T. M. Harrison (1999). Geochronology and Thermochronology by
the 40Ar/39Ar Method. 2nd ed. Oxford University Press.
Merrihue, C. and G. Turner (1966). Potassium-Argon Dating by Activation with Fast
Neutrons. Journal of Geophysical Research 71 (11), pp. 2852–2857.
13
Müller, H. W., T. Plieninger, O. B. James, and O. A. Schaeffer (1977). Laser Probe
39Ar-40Ar Dating of Materials from Consortium Breccia 73215. Lunar and Planetary
Science Conference 8, pp. 2551–2565.
Neukum, G., B. Ivanov, and W. K. Hartmann (2001). Cratering Records in the Inner
Solar System in Relation to the Lunar Reference System. Space Science Reviews
96 (1/4), pp. 55–86.
Neukum, G., B. König, H. Fechtig, and D. Storzer (1975a). Cratering in the Earth-Moon
System: Consequences for Age Determination by Crater Counting. Proceedings of
the Lunar Science Conference 6, pp. 2597–2620.
Neukum, G., B. König, and J. Arkani-Hamed (1975b). A Study of Lunar Impact
Crater Size-Distributions. The Moon 12 (2), pp. 201–229.
Norman, M. D., R. A. Duncan, and J. J. Huard (2010). Imbrium Provenance for the
Apollo 16 Descartes Terrain: Argon Ages and Geochemistry of Lunar Breccias
67016 and 67455. Geochimica et Cosmochimica Acta 74 (2), pp. 763–783.
Norman, M. D., L. A. Taylor, C.-Y. Shih, and L. E. Nyquist (2016). Crystal Accumu-
lation in a 4.2 Ga Lunar Impact Melt. Geochimica et Cosmochimica Acta 172 (C),
pp. 410–429.
Norman, M. D., R. A. Duncan, and J. J. Huard (2006). Identifying Impact Events
Within the Lunar Cataclysm From 40Ar–39Ar Ages and Compositions of Apollo
16 Impact Melt Rocks. Geochimica et Cosmochimica Acta 70 (24), pp. 6032–6049.
Osinski, G. R. and E. Pierazzo, eds. (2013). Impact Cratering: Processes and Products.
Wiley-Blackwell.
Petro, N. E. and C. M. Pieters (2006). Modeling the Provenance of the Apollo 16
Regolith. Journal of Geophysical Research 111 (E9), E09005.
Plieninger, T. and O. A. Schaeffer (1976). Laser Probe 39Ar-40Ar Ages of Individual
Mineral Grains in Lunar Basalt 15607 and Lunar Breccia 15465. Lunar and
Planetary Science Conference 7, pp. 2055–2066.
Robbins, S. J. (2014). New Crater Calibrations for the Lunar Crater-Age Chronology.
Earth and Planetary Science Letters 403 (C), pp. 188–198.
Ryder, G. (2002). Mass Flux in the Ancient Earth-Moon System and Benign Implica-
tions for the Origin of Life on Earth. Journal of Geophysical Research 107 (E4),
p. 3219.
14
Shuster, D. L., G. Balco, W. S. Cassata, V. A. Fernandes, I. Garrick-Bethell, and
B. P. Weiss (2010). A Record of Impacts Preserved in the Lunar Regolith. Earth
and Planetary Science Letters 290, pp. 155–165.
Speyerer, E. J., R. Z. Povilaitis, M. S. Robinson, P. C. Thomas, and R. V. Wagner
(2016). Quantifying Crater Production and Regolith Overturnon the Moon with
Temporal Imaging. Nature 538 (7624), pp. 215–218.
Stöffler, D., G. Ryder, B. A. Ivanov, N. A. Artemieva, M. J. Cintala, and R. A. F.
Grieve (2006). Cratering History and Lunar Chronology. Reviews in Mineralogy
and Geochemistry 60 (1), pp. 519–596.
Tera, F., D. A. Papanastassiou, and G. J. Wasserburg (1974). Isotopic Evidence for a
Terminal Lunar Cataclysm. Earth and Planetary Science Letters 22 (1), pp. 1–21.
Turner, G. (1968). The Distribution of Potassium and Argon in Chondrites. Origin
and Distribution of the Elements. Pergamon Press Ltd, pp. 387–398.
Turner, G. and P. H. Cadogan (1974). Possible Effects of 39Ar Recoil in 40Ar–39Ar Dat-
ing. Supplement 5, Geochimica et Cosmochimica Acta (Fifth Lunar and Planetary
Science Conference) 2, pp. 1601–1615.
van Soest, M. C., B. D. Monteleone, K. V. Hodges, and J. W. Boyce (2011). Laser
Depth Profiling Studies of Helium Diffusion in Durango Fluorapatite. Geochimica
et Cosmochimica Acta 75 (9), pp. 2409–2419.
Wang, S., S. Wang, I. McDougall, I. McDougall, N. Tetley, N. Tetley, T. M. Harrison,
and T. M. Harrison (1980). 39Ar/40Ar Age and Thermal History of the Kirin
Chondrite. Earth and Planetary Science Letters 49, pp. 117–131.
Wilhelms, D. E. (1987). The Geologic History of the Moon. Tech. rep. Professional
Paper 1348. Washington D. C.: United States Geological Survey.
Young, K. E., M. C. van Soest, K. V. Hodges, E. B. Watson, B. A. Adams, and P. Lee
(2013). Impact Thermochronology and the Age of Haughton Impact Structure,
Canada. Geophysical Research Letters 40 (15), pp. 3836–3840.
Zellner, N. E. B. (2017). Cataclysm No More: New Views on the Timing and Delivery




ARAR — A SOFTWARE TOOL TO PROMOTE THE ROBUST COMPARISON
OF K-AR AND 40AR/39AR DATES PUBLISHED USING DIFFERENT DECAY,
ISOTOPIC, AND MONITOR-AGE PARAMETERS
Cameron M. Mercer,1* and Kip V. Hodges1
1School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85287, USA.
Citation: C. M. Mercer and K. V. Hodges, (2016). ArAR — A Software Tool to Promote
the Robust Comparison of K-Ar and 40Ar/39Ar Dates Published Using Different Decay,
Isotopic, and Monitor-Age Parameters. Chemical Geology, 440, pp. 148–163.
2.1 Abstract
The comparison of K-Ar and 40Ar/39Ar geochronologic data published by different
laboratories is markedly hindered by the inconsistent use of the parameters necessary
to convert isotopic analyses to dates. This problem is particularly acute when we
try to evaluate the significance of datasets obtained prior to the development of
community consensus values for basic decay constants, isotopic abundances, and
the ages of common monitor minerals. Unfortunately, the effect of using different
parameters for the same dataset can sometimes exceed the quoted analytical precision
of derived dates. We created the Argon Age Recalculator, or ArAR, to help researchers
account for such discrepancies in a simple, efficient manner, allowing for more robust
comparisons among datasets and more effective compilation of existing datasets using
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self-consistent parameter sets. ArAR is freely available as a platform independent
executable application at: http://group18software.asu.edu.
2.2 Introduction
Isotope geochronology provides invaluable timing constraints on the evolution of
planetary bodies from which we have samples. The 40Ar/39Ar method, for example,
has been used extensively since its development in the mid-1960’s (Merrihue and
Turner, 1966). Since that time, however, there have been significant changes in
our understanding of the pertinent decay constants and isotopic abundances, and
new research continues to refine our understanding of the ages of the minerals that
are commonly used to monitor the irradiation parameters necessary to calculate
40Ar/39Ar dates. All of this means that, while archival data from older studies remain
scientifically valuable, the dates originally calculated from them may not be directly
comparable to more recent datasets. Recognizing a pressing need for some way to
easily correct older K-Ar and 40Ar/39Ar dates for secular changes in the accepted
values of physical parameters, Dalrymple (1979) published tables of conversion factors
that would allow K-Ar dates based on one of two old parameter sets to be translated
into the system of constants recommended by the International Union of Geological
Sciences (IUGS) in 1976 (Steiger and Jäger, 1977). Since Dalrymple’s seminal paper,
however, accepted values for a variety of parameters have continued to evolve. In this
contribution, we have generalized Dalrymple’s approach and created a software tool




The K-Ar and 40Ar/39Ar dating techniques are based on the 40K-40Ar isotopic
system, where 40K naturally decays to produce 40Ca and 40Ar by beta-minus (β−) decay
and electron capture (ε)1, respectively. With knowledge of the relative abundances of
the stable isotopes of K (39K, 40K, 41K), and the β− and ε decay constants of 40K (λβ
and λε, respectively), a K-Ar age can be determined by measuring the concentrations of
K and radiogenic 40Ar (denoted 40Ar*) in a sample (Aldrich and Nier, 1948; Dalrymple
and Lanphere, 1969). In the 40Ar/39Ar method, some of the stable 39K in a sample is
converted via the 39K(n,p)39Ar reaction to 39Ar (39ArK hereafter) by irradiation with
high-energy (‘fast’) neutrons. In order to monitor how much of the 39K is transformed
to 39ArK during irradiation, a K-bearing mineral with an independently determined age
is co-irradiated and subsequently analyzed alongside the unknown sample. This allows
ages to be determined relative to the monitor mineral by measuring the 40Ar*/39ArK
ratio of an irradiated sample (McDougall and Harrison, 1999; Merrihue and Turner,
1966).
Since the K-Ar and 40Ar/39Ar techniques were first introduced, the accepted
values have periodically changed (or new ones have been proposed) for the isotopic
abundances of K (e.g., Böhlke et al., 2005; Endt, 1990; Garner et al., 1975; Nier,
1950; Steiger and Jäger, 1977), 40K decay constants (e.g., Aldrich and Wetherill,
1958; Beckinsale and Gale, 1969; Min et al., 2000; Renne et al., 2011; Renne et al.,
2010; Steiger and Jäger, 1977), and ages of common monitor minerals (e.g., Fish
Canyon sanidine (FCs): Dazé et al., 2003; Jourdan and Renne, 2007; Kuiper et al.,
1Beckinsale and Gale (1969) inferred an additional decay mode for 40K where 40Ar is generated
by positron (β+) emission, but this decay mode is considered negligible and is generally ignored (e.g.,
Renne et al., 2010).
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2008; Renne et al., 2011; Renne et al., 2010; Rivera et al., 2011). As a consequence,
K-Ar and 40Ar/39Ar ages that have been published at different times or by different
laboratories do not all use the same values for these quantities. This can be a source
of significant systematic uncertainty when comparing published K-Ar and 40Ar/39Ar
dates, particularly to other geochronometers (e.g., U/Pb in zircon; Min et al., 2000).
In some cases the discrepancies can be greater than the analytical uncertainties of
the published dates. For example, a 1.000± 0.010 Ma (1 % uncertainty at 2σ) K-Ar
date published with pre-1976 constants (e.g., with the K isotopic abundances of Nier,
1950 and the 40K decay constants of Aldrich and Wetherill, 1958) would become
1.027±0.010 Ma when recalculated with the values recommended by the IUGS in 1976
(Dalrymple, 1979; Steiger and Jäger, 1977). Furthermore, the offsets are not uniform
in magnitude or direction when recalculating published dates due to the non-linear
nature of the K-Ar and 40Ar/39Ar age equations. While a pre-1976 date of ∼1 Ma is
2.7 % ‘older’ when recalculated to the IUGS 1976 recommended values, a ∼4200 Ma
date becomes ∼1.6 % ‘younger ’ (Dalrymple, 1979).
2.4 Motivation
Development of the software introduced here — the Argon Age Recalculator, or
ArAR — was motivated by a desire to make the process of recalculating K-Ar and
40Ar/39Ar dates as rapid and straightforward as possible, allowing both geochronologists
and non-specialists to account for the inconsistent usage of K isotopic abundance
values, 40K decay constants, and the ages of common monitor minerals that can hinder
the robust comparison and interpretation of data published in disparate sources. The
program uses customizable libraries of K isotopic abundances, 40K decay constants,
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and monitor mineral ages, which allow the end user to quickly select the appropriate
values to recalculate K-Ar and/or 40Ar/39Ar dates, and to easily adjust as new research
continues to refine the values of these parameters. The end user may graphically
preview the effects of recalculating K-Ar and 40Ar/39Ar dates, making it easy to assess
the magnitude of the discrepancies based on their current selection of constants. In
addition, ArAR includes a tool that enables more advanced users to intercalibrate a
sample relative to a ‘primary’ standard with a known K-Ar age and multiple ‘secondary’
standards using the methods of Renne et al. (1998). This is useful when determining
the age of a monitor mineral that was calibrated relative to multiple standards,
provided that isotopic and/or age data are available for all samples that were involved
in the calibration. Finally, the program tracks all of the values that are used during
age recalculations and sample intercalibration, allowing the end user to export a
change log for easy reference. ArAR is written in JavaTM, and is freely available as a
platform-independent executable application at: http://group18software.asu.edu.
2.5 Calculations: Accounting for Discrepancies in K Isotopic Abundance Values, 40K
Decay Constants, and Monitor Mineral Ages
To recalculate a previously published K-Ar or 40Ar/39Ar date, to, one must know
the values of the partial decay constants of 40K, λβo and λεo , and the total decay
constant, λo ≡ λβo + λεo , that were used to calculate to. (Note, only the value of λo
is needed to recalculate 40Ar/39Ar dates.) For a K-Ar date, it is also necessary to
know what values were originally used for the relative isotopic abundances of K. In
particular, the value that was used for the abundance of 40K relative to total K, 40Kao,
is required. Because 40Ar/39Ar dates are determined relative to a monitor mineral that
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is co-irradiated with the unknown samples, the original value that was used for the
age of the monitor mineral, tmo , must be available to recalculate a 40Ar/39Ar date. If
all of these ‘old’ values are known, then a K-Ar or 40Ar/39Ar date can be recalculated
to use the alternate, or ‘new,’ values: λβ, λε, λ, and either 40Ka or tm.
The ‘new’ values should be chosen carefully to ensure that they are internally
consistent. For example, determination of the 40K decay constants by direct physical
methods (i.e., by counting the number of disintegration products emitted per unit
time from a sample of K) requires an assumption of the relative isotopic abundances
of K (e.g., Eq. (1) from Min et al., 2000). Consequently, changes in the K isotope
abundances affect the values of the 40K decay constants. Therefore, the user should
either choose ‘new’ 40K decay constants that were determined relative to their
preferred ‘new’ K isotopic abundances, or they should first correct the ‘new’ 40K
decay constants to account for any discrepancy between their choice of K isotopic
abundances and those that were originally used to determine the 40K decay constants.
Similarly, when recalculating 40Ar/39Ar dates, the user should select a ‘new’ monitor
mineral age that was based off of their selected ‘new’ 40K decay constants, or they
should first correct their ‘new’ monitor age to use their preferred 40K decay constants.
2.5.1 Recalculating K-Ar Dates












(exp[λoto]− 1) + 1
]
, (2.1)
where t is the ‘new’ date, and the other symbols are the same as above. (See 2.8
for a derivation of Eq. (2.1), and 2.9 for details on the propagation of uncertainties.)
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Figure 2.1. Examples of the effects of employing Eq. (2.1) to recalculate K-Ar dates to
account for changes in the values of the 40K decay constants and relative isotopic abundances.
Black dashed lines represent changes due to differences in the decay constants (λo → λ), dot-
dashed lines represent changes due to differences in the isotopic abundance values (Kao → Ka),
and solid lines represent changes due to differences in both quantities (λo → λ+Kao → Ka).
The thin, dashed grey lines represent no change. (a) The effects of recalculating K-Ar dates
from the ‘old’ values of Aldrich and Wetherill (1958) (λo, AW58) and Nier (1950) (Kao,
N50) to the ‘new’ values of Steiger and Jäger (1977) (λ and Ka, SJ77). (b) The effects of
recalculating K-Ar dates from the ‘old’ values of Steiger and Jäger (1977) (λo and Kao, SJ77)
to the ‘new’ values of Min et al. (2000) (λ, M00) and Endt and Van der Leun (1973) (Ka,
EVdL73).
Note that Eq. (2.1) is a simple generalization of Eq. (2) given by Dalrymple (1979).
Fig. 2.1 shows examples of the effects of recalculating published K-Ar dates for
different sets of 40K decay constants and K isotopic abundance values. The solid
curve in Figure ??a]fig:KArEffects is a graphical representation of Table 2 provided by
Dalrymple (1979) for converting from the 40K decay constants of Aldrich and Wetherill
(1958) and 40K isotopic abundances of Nier (1950) to the IUGS 1976 recommended
values (Steiger and Jäger, 1977). Fig. 2.1 (b) illustrates the effect of shifting from the
IUGS 1976 values to those championed by Min et al. (2000).
Notice that the K-Ar dates recalculated with Eq. (2.1) change by different magni-
tudes for each set of ‘old’ and ‘new’ constants. Furthermore, while young dates get
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‘older’ and old dates get ‘younger’ in some instances (Figure ??a]fig:KArEffects), the
opposite can be true for different parameter sets (Figure ??b]fig:KArEffects). There
are even situations in which nearly all K-Ar dates that are recalculated with Eq. (2.1)
will become either ‘younger’ or ‘older’ (e.g., when shifting from the IUGS 1976 values
of Steiger and Jäger (1977) to the 40K decay constants of Renne et al. (2011) and the
IUPAC 2005 K isotopic abundance values of Böhlke et al. (2005); not shown). There
is no simple rule of thumb for how recalculated K-Ar dates will change.
2.5.2 Recalculating 40Ar/39Ar Dates








(exp[λoto]− 1) + 1
]
, (2.2)
where t is the ‘new’ date, and the other symbols are the same as above. (See 2.10
for a derivation of Eq. (2.2), and 2.11 for details on the propagation of uncertainties.)
Equation (2.2) is functionally identical to Eq. (5) of Renne et al. (1998) for a single
(n = 1) intercalibration between the unknown sample and an age standard, where the
intercalibration factor, R, is given by (exp[λoto]−1)/(exp[λotmo ]). In addition, Eq. (2.2)
reduces to the K-Ar recalculation equation of Dalrymple (Eq. (2.1)); interested readers
may find the mathematical demonstration of this in 2.12. The effects of recalculating
published 40Ar/39Ar dates using Eq. (2.2) for different sets of 40K decay constants
and monitor mineral ages are shown in Figure 2.2. As was the case for the examples
of recalculated K-Ar dates, notice that the 40Ar/39Ar dates recalculated with Eq. (2.2)



































Figure 2.2. Examples of the effects of employing Eq. (2.2) to recalculate 40Ar/39Ar dates
to account for changes in the values of the 40K decay constants and monitor mineral ages.
Black dashed lines represent changes due to differences in the decay constants (λo → λ),
dot-dashed lines represent changes due to differences in monitor mineral ages (tmo → tm),
and solid lines represent changes due to differences in both quantities (λo → λ+ tmo → tm).
The thin, dashed grey lines represent no change. (a) The effects of recalculating 40Ar/39Ar
dates from the ‘old’ values of Aldrich and Wetherill (1958) (λo, AW58) and Turner et al.
(1971) (tmo of the hornblende Hb3gr; T71) to the ‘new’ values of Renne et al. (2011) (λ and
tm, Hb3gr; Ren11). (b) The effects of recalculating 40Ar/39Ar dates from the ‘old’ values of
Steiger and Jäger (1977) (λo, SJ77) and Renne et al. (1998) (tmo of Fish Canyon sanadine,
FCs; Ren98) to the ‘new’ values of Renne et al. (2011) (λ and tm of FCs; Ren11).
2.5.3 Intercalibration with Multiple Co-Irradiated Standards
A K-bearing mineral may be intercalibrated relative to a ‘primary’ standard and
an arbitrary number of secondary standards with known K-Ar or 40Ar/39Ar ages
using the methods of D. B. Karner and Renne (1998) and Renne et al. (1998). For
convenience, we reproduce Eqs. 1–3 (Eqs. (2.3) a–c) and Eq. 5 (Eq. (2.4)) from Renne
et al. (1998) below. Note that these equations only apply for samples that have been
co-irradiated, i.e., all the grains were simultaneously irradiated in the same palette.
The intercalibrated age, tu, of an ‘unknown’ sample relative to a ‘primary’ standard
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exp[λti]− 1 . (2.3c)
The variable n is the total number of ‘primary’ and ‘secondary’ standards used
to intercalibrate the unknown sample. For i = 0, R10 = F1/F0 represents the ratio of
the F value of the first ‘secondary’ standard to that of the ‘primary’ standard. For
values of i in the range 1 ≤ i < n− 1, Ri+1i represents the ratio of F values between
successive ‘secondary’ standards. For i = n− 1, Rnn−1 is the ratio of the F value for
the unknown sample to that of the last ‘secondary’ standard.
If the age of the ‘primary’ standard, t0, was determined by some other means, the












where Ri+1i is the same as Eq. (2.3c). Note that Eqs. (2.3) a-c and Eq. (2.4) all use
2In a more fundamental sense, the ‘primary’ standard must have a known 40Ar∗/K ratio, where
K is the total potassium concentration of the sample. The 40Ar*/40K ratio and K-Ar age of the
standard are then determined by choosing sets of values for the isotopic abundances of K and the
40K decay constants, respectively.
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a single value for the total 40K decay constant λ, and that calculating Eq. (2.3b)
requires an assumption about the relative isotopic abundances of K. Suppose that
published isotopic data exist for co-irradiated standards but the accepted values for λ






where κo is the originally published value, and then Eqs. (2.3) a–c can be used to
determine a new intercalibrated age using κ and the new decay constants. Finally,
note that, for n = 1 and Ri+1i = (exp[λti+1]− 1)/(exp[λti]− 1), Eq. (2.4) reduces to a
form identical to Eq. (2.2). The only difference in Eq. (2.2) is that we have allowed
the 40K decay constants and monitor mineral age in the R factor to represent the
‘old’ values used to calculate the legacy 40Ar/39Ar date, to.
When there are a number of replicate analyses (e.g., of multiple grains from the same
position in an irradiation package) for a single standard, S, that is being intercalibrated
against a primary standard, P , using Eqs. (2.3) a–c, researchers have commonly
calculated some form of a mean FS value from the replicate FSi = (40Ar
∗/39ArK)Si
ratios. Some have calculated a simple arithmetic mean and used either the sample
standard deviation (σFS , e.g., Nomade et al., 2005) or the standard deviation of the
mean (σFS/
√
N , e.g., Jourdan et al., 2006; Renne et al., 1998) as an estimate of the
uncertainty, while others have calculated the inverse-variance weighted mean and
standard deviation of the mean (e.g., Spell and McDougall, 2003). Once a mean FS
value is determined, a single RSP = FS/FP value can be calculated and Eqs. (2.3) a–c
may be used (with n = 1) to determine an intercalibrated age of the standard S. All
three methods for determining the mean FS value and the associated uncertainty for
a single standard are available as supplementary intercalibration options in ArAR
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should a user encounter a situation involving replicate analyses of that standard.
Note: replicate analyses should only be pooled in this manner if they are from the
same position in an irradiation package and therefore have the same J value. See
2.13 for details on supplemental calculations and the propagation of uncertainties
during multiple intercalibration. See 2.14 for an example of using the ArAR Multiple
Intercalibration Tool.
2.6 Discussion
In order to accurately account for systematic offsets due to changes in the 40K
decay constants, K isotopic abundances, and monitor mineral ages, it is imperative
that researchers explicitly state, or at least reference, which values they used for these
quantities when publishing K-Ar and/or 40Ar/39Ar dates. Unfortunately, it is common
to find papers that do not include some or all of the necessary information. Where
this information is lacking, it is sometimes possible to make reasonable inferences. For
example, papers published before 1964 most likely used the 40K decay constants of
Aldrich and Wetherill (1958). However, new values for the 40K decay constants were
published by Smith (1964), then by Beckinsale and Gale (1969), and again by the
IUGS in 1976 (Steiger and Jäger, 1977). Thus, while a paper published in, say, 1974,
that does not state which 40K decay constants were used can be guaranteed not to
have used the Steiger and Jäger (1977) values, it is impossible to know a posteriori
whether the Aldrich and Wetherill (1958), Smith (1964), or Beckinsale and Gale (1969)
values were used. While it may be possible to reasonably infer which constants were
likely employed (e.g., if a different paper by the same authors does state which values
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were used), we recommend that any such assumptions be clearly stated since they
become, in effect, additional sources of uncertainty.
Following the IUGS recommendations in 1976 (Steiger and Jäger, 1977), a number
of studies have been published proposing new values for the 40K decay constants and
K isotopic abundances. In particular, there has been a movement in the geochronology
community to refine the 40K decay constants (e.g., Kwon et al., 2002; Min et al., 2000;
Renne et al., 2011; Renne et al., 2010; Renne et al., 1998; Schwarz et al., 2011). This
is partly because the IUGS 1976 values differ from those recommended in the nuclear
physics community (e.g., Audi et al., 1997; Endt, 1990; Endt and Van der Leun, 1973),
and because uncertainties in the 40K decay constants limit the absolute precision of
the 40Ar/39Ar method (e.g., Min et al., 2000). However, while some lab groups have
adopted newer values, others have not due to the lack of international agreement.
In addition, there has been a concerted effort to refine age determinations for
a variety of monitor minerals (e.g., Baksi et al., 1996; Renne et al., 2011; Renne
et al., 2010; Renne et al., 1998; Schwarz and Trieloff, 2007). However, there is no
clear agreement on the ages of some monitor minerals. For example, numerous dates
have been published for the Fish Canyon sanadine (FCs) 40Ar/39Ar standard (e.g.,
Dazé et al., 2003; Hurford and Hammerschmidt, 1985; Jourdan and Renne, 2007;
Kuiper et al., 2008; Lanphere et al., 2001; Phillips and Matchan, 2013; Renne et al.,
1994; Renne et al., 2011; Renne et al., 2010; Renne et al., 1998; Rivera et al., 2011;
Spell and McDougall, 2003; Steven et al., 1969; Villeneuve et al., 2000), with little
agreement on which date to use as the ‘true age’ when employing FCs as a monitor
mineral in 40Ar/39Ar experiments or even as a primary standard for intercalibrating
other monitors (e.g., Jourdan et al., 2014).
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It would be beneficial for the geochronology community to arrive at a working
consensus and provide a set of the most highly recommended parameter values (i.e., for
40K decay constants, K isotopic abundances, and common monitor mineral ages) for
use in current research projects. This would particularly help non-specialist users of
ArAR to decide which values to choose when recalculating K-Ar and 40Ar/39Ar dates.
Investigators who prefer alternative values should calculate dates using both their
alternatives and the community-recommended values. As future research continues to
refine the 40K decay constants, K isotopic abundances, and the calibration of common
monitor minerals, ArAR can be used to facilitate the transition to new parameter sets
as they are recommended by the geochronology community.
It is important to note that there is a ‘trickle-down’ effect where changes in the
ages of primary and/or secondary standards affect the intercalibrated ages of other
monitors, which in turn affect the ages of any unknowns determined relative to those
monitors. Researchers should therefore be aware of the intercalibration history of
any monitors they use, and take appropriate steps to account for any changes in the
primary and secondary standards when recalculating the ages of unknowns. This
can be accomplished in a multi-step process using ArAR, first by recalculating or
re-intercalibrating the age of a monitor mineral, then using the result to recalculate
the ages of unknowns.
As an illustration, we consider the effects of such exploratory analysis on 40Ar/39Ar
ultraviolet laser ablation microprobe (UVLAMP) results published in Mercer et al.
(2015) for sample 77115, collected during the Apollo 17 mission to the Taurus-Littrow
Valley on the Moon. When calculating an isochron date of t0 = 3834 ± 20 Ma for
77115, Mercer and colleagues used the 40K decay constants of Steiger and Jäger
(1977) (λ = 5.543× 10−10 a−1) and a PP20 (i.e., Hb3gr) standard age of 1078.9± 4.6
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Ma. This assumed PP20 age was recalculated from the published value of Jourdan
et al. (2006) — 1073.6 ± 4.6 Ma — because we preferred the 40K decay constants
of Steiger and Jäger (1977) and the FCs age of Kuiper et al. (2008) over the values
that were used by Jourdan et al. (2006). If desired, we could use ArAR to recalculate
the Jourdan et al. (2006) PP20 age to adopt the 40K decay constants and FCs age
that are consistent with the recommendations of Renne et al. (2011) to arrive at
tPP20 = 1082.4± 4.6 Ma (without propagation of external uncertainties). If we use
this alternative PP20 age to recalculate the isochron date for 77115 (also updating
the 40K decay constants according to the recommendations of Renne et al., 2011 to
be consistent), the result is t = 3855± 20 Ma. This would represent an increase of
ca. 0.55 % in the calculated isochron date as compared to that published by Mercer
et al. (2015). It is noteworthy that this shift is of the same order of magnitude as our
estimated 2σ uncertainty in the date for 77115.
As another example, we examine the effects of recalculating a population of
40Ar/39Ar dates obtained for a sample of the Gàala Tuff, which lies at the base of the
hominid-bearing Aramis Member of the Sagantole Formation in the Middle Awash
Valley, Afar Rift, Ethiopia. Fig. 2.3 shows a set of 16 single-crystal total fusion
40Ar/39Ar dates reported by Renne et al. (1999) for feldspars separated from sample
M94-5, which were determined using the 40K decay constants of Steiger and Jäger
(1977) and a FCs standard age of 27.84 Ma. The data in Figure 2.3 have been imported
into ArAR, and are awaiting recalculation with the 40Ar/39Ar algorithm to use the
40K decay constants and FCs age recommended by Renne et al. (2011). Note that
five of the original feldspar dates are ca. 24 Ma, one is ca. 8.5 Ma, and the remaining
ten are ca. 4.5 Ma. Renne et al. (1999) interpreted the youngest group of feldspars
to represent the eruption age of the Gàala Tuff, and reported an inverse-variance
30
Figure 2.3. The main ArAR window, with a dataset of single-crystal total fusion dates of
feldspars from the Gàala Tuff (sample M94-5; Renne et al., 1999) loaded and selected for
recalculation using the 40Ar/39Ar algorithm. The dates will be recalculated to use the 40K
decay constants of Renne et al. (2011) rather than those of Steiger and Jäger (1977), and to
use the Fish Canyon sanidine (FCs) monitor age of (Renne et al., 2011) rather than the 27.84
Ma value used by Renne et al. (1999). Error propagation will be performed analytically, and
external sources of uncertainty will be ignored.
weighted mean age of 4.378± 0.016 Ma (2 standard error, i.e., 2SE). Fig. 2.4 shows
these ten dates and their inverse-variance weighted mean values before3 and after
recalculation with ArAR. All ten dates and the resulting inverse-variance weighted
mean become ca. 72 ka older, an increase of ca. 1.64 %. It is important to note that
this increase in the age of the Gàala Tuff does not upset the chronostratigraphy of the
Sagantole Formation since all of the dates published by Renne et al. (1999) will shift
to older ages together, more or less by the same amount. Indeed, due to the narrow
3Note, we determined an inverse-variance weighted mean of 4.376± 0.012 Ma (2SE) for the ten
M94-5 feldspar dates (Figure 2.4). We presume the discrepancy between our value and that reported















Published Dates (Renne et al., 1999)
	t	̅±	2SE = 4.376 ± 0.012
λ0: SJ77, FCs tm0 = 27.84 Ma (Ren99)
Recalculated Dates
	t	̅±	2SE = 4.448 ± 0.013
λ: Ren11, FCs: tm = 28.294 Ma (Ren11)
Gàala Tuff – Sample MA94-5
(a) (b)
Figure 2.4. The effects of recalculating the ten youngest single-crystal total fusion 40Ar/39Ar
dates reported by Renne et al. (1999) (Ren99) for feldspars from a sample of the Gàala Tuff
(sample M94-5; see Figure 2.3). Dates are sorted in ascending order from left to right. (a)
The 40Ar/39Ar dates as published by Renne et al. (1999), which were determined with the
40K decay constants of Steiger and Jäger (1977) and with an FCs standard age of 27.84 Ma.
(b) The same data, recalculated to use the 40K decay constants and FCs age recommended
by Renne et al. (2011). The horizontal dashed lines represent the inverse-variance weighted
mean ages, t¯; light grey bars represent the 2 standard-error bounds, i.e., ±2SE; and the
medium grey bars represent 2 inverse-variance weighted standard deviations (±2σw; Heckert
and Filliben, 2003).
range of ages from ca. 24–4 Ma, correction factors only range from ca. 1.63–1.64 %,
respectively, in this instance.
It is important for potential users to note that ArAR cannot correct for any
discrepancies caused by changes in the accepted values for the isotopic abundances
of Ar. This is an issue for K-Ar and 40Ar/39Ar geochronology of Earth samples in
particular because the value for the 40Ar/36Ar ratio of Earth’s atmosphere is commonly
used to correct for: (1) isotopic fractionation that occurs during mass spectrometry
(this is typically called a mass bias or mass discrimination correction); and (2) the
presence of an atmospheric component (e.g., Renne et al., 2009a). While it is possible
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to make a relatively straightforward atmospheric correction to a K-Ar or 40Ar/39Ar date
ex post facto (e.g., Eq. (5) of Renne et al., 2009a; also see the caveats they mention in
their section 4 related to Eq. (21)), there is no simple way to retroactively account
for the changes in the mass discrimination correction that would result from changes
in the accepted Ar isotopic abundance values. This is because mass discrimination
corrections occur relatively early in the data reduction process, and affect subsequent
corrections (e.g., nucleogenic corrections for interfering isotopes produced during
irradiation). Further, changes to the accepted atmospheric 38Ar/36Ar compound with
changes to the 40Ar/36Ar ratio to affect some corrections that are not universally
applied, e.g., a correction for interfering 36Ar produced from Cl during irradiation.
Thankfully, the majority of K-Ar and 40Ar/39Ar dates for Earth samples are not
drastically affected by changes in the Ar isotopic abundance values (Renne et al.,
2009a), so detailed corrections can largely be neglected unless extreme accuracy is
required. Samples that are very young, have low K concentrations, were over-irradiated
(e.g., 40Ar∗/39ArK . 1), or that required large mass discrimination corrections are the
most likely to require adjustments. While the simple correction method of Renne
et al. (2009a) may help significantly, a complete re-reduction of the isotopic data for
such samples would likely be preferable, e.g., using software packages like ArArCALC
(Koppers, 2002).
The ArAR software also cannot account for discrepancies among published datasets
that arise from differences in the solar/terrestrial and cosmogenic 38Ar/36Ar ratios that
are commonly used to correct for the presence of cosmogenic argon in extraterrestrial
samples. While cosmogenic corrections are generally some of the last corrections
to be applied, they occur downstream from mass discrimination corrections, but
before corrections are made for the presence of trapped non-radiogenic 40Ar. For
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extraterrestrial materials, which have different (40Ar/36Ar)trapped values than the Earth
(ca. 1 for the Moon, e.g., Turner et al., 1971, or ranging from ca. 1 to a few thousand
for Martian materials, e.g., Cassata et al., 2010), updated Ar isotopic abundance
values will only affect mass discrimination corrections. The trapped 40Ar/36Ar ratios
of extraterrestrial samples are generally assumed or determined by other means, e.g.,
by using plots of 40Ar/36Ar versus 39Ar/36Ar (e.g., Cassata et al., 2010). Because of
the complex interplay among corrections for instrument mass discrimination and the
presence of nucleogenic, cosmogenic, and trapped components, it is likely preferable to
re-reduce isotopic data from scratch if corrections for changes in the solar/terrestrial
and cosmogenic 38Ar/36Ar ratios are deemed necessary. It is therefore best if researchers
follow the data reporting guidelines of Renne et al. (2009b) to ensure that sufficient
information is available to independently apply the appropriate corrections as needed.
2.7 Using ArAR
After opening ArAR, the end user may either import data from delimited text
files (e.g., comma separated value *.csv files) or create a new dataset from scratch.
Once a dataset has been imported or created, the user may select either the K-Ar
(Eq. (2.1)) algorithm or the 40Ar/39Ar (Eq. (2.2)) algorithm, and specify appropriate
values for the 40K decay constants, K isotopic abundances, and/or monitor mineral
ages. These values may be selected from customizable libraries, or edited directly in
the main ArAR window (e.g., Figure 2.3). In addition, the user can choose whether
or not external sources of uncertainty are propagated into the recalculated dates.
Note, it is imperative that the user enters uncertainties at the 1σ level for the 40K
decay constants, K isotopic abundances, and monitor mineral ages if they choose to
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propagate external sources of uncertainties. As long as this condition is met, the
user is free to supply uncertainties at either the 1σ or the 2σ level for dates they
intend to recalculate. The confidence level of propagated uncertainties for recalculated
dates matches that of the inputs. Additionally, the user can choose whether error
propagation is performed analytically or by a Monte Carlo approach. Finally, the
user may preview the effect that their choice of constants will have, and choose to
edit their selections or to apply them. All values that are used to recalculate K-Ar
and 40Ar/39Ar dates are logged each time the user executes calculations, and can be
exported for easy reference.
The default ArAR libraries contain information for the most common 40K decay
constants, K isotopic abundances, and common monitor mineral ages. They are not
exhaustive, and are fully editable so the user can easily save their preferred values for
later use. We recommend that all values stored in the ArAR libraries be traceable
to the peer-reviewed literature. An additional library contains κ = 40Ar∗/40K values
for some common monitor minerals for use as primary standards in the multiple
intercalibration tool in ArAR (which implements Eqs. (2.3) and Eq. (2.4)).
ArAR is freely available as a platform-independent executable application at:
http://group18software.asu.edu. ArAR is written in JavaTM, and requires the Standard
Edition 7 Java Runtime Environment or higher to be installed. ArAR is distributed
with detailed documentation, including: (1) a README with instructions on installing
a JRE and launching ArAR; (2) a quick-start guide and manual with instructions on
using the software; and (3) documents explaining the nomenclature and mathematics
behind the software. We anticipate that future versions of ArAR will include expanded
default libraries for the 40K decay constants, K isotopic abundances, monitor mineral
ages, and monitor mineral κ values. In addition, future releases may incorporate
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additional tools to aid with ancillary calculations that are currently left to the user,
e.g., to correct 40K decay constants for updates in the K isotopic abundances using
Eq. (1) of Min et al. (2000) (see section 2.5), or to apply simple (though incomplete)
atmospheric corrections to account for changes in the Ar isotopic abundances (see the
end of section 2.6).
2.8 Derivation of the K-Ar Recalculation Equation













where t is the age, λ is the total decay constant for 40K, λε is the partial decay constant
for 40K that accounts for the production of 40Ar* (note that the quantity λ/λε is the
inverse of the 40K decay branching ratio, which describes the fraction of decays of
40K that produce 40Ar*), 40Ar∗/40K is the measured ratio of radiogenic 40Arto 40K, and
loge[·] is the natural logarithm (Dalrymple and Lanphere, 1969). Hence, a previously













where the subscript o denotes the values that were originally used to calculate to.
If the measured values for 40Ar∗o and 40Ko, or the molar ratio 40Ar∗o/40Ko, are
unavailable or too little information was given to directly calculate a K-Ar date using
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and since 40Ar∗o = 40Ar∗ (because the number of atoms of radiogenic 40Ar* that were









In effect, the 40Ar∗/40K ratio has been ‘updated’ to account for any changes in the
values for the isotopic abundance of 40K. Substituting Eq. (S2.5) into Eq. (S2.1), we












(exp[λoto]− 1) + 1
]
. (S2.6)
This expression fully accounts for changes in the accepted values for the total decay
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constant and branching ratio of 40K, as well as changes in the accepted value for the
isotopic abundance of 40K. Note, Eq. (S2.6) is a simple generalization of Eq. (2) given
by Dalrymple (1979).
When recalculating K-Ar dates with ArAR, it is important that the user supply
the values of 40Kao, λεo, and λo that were originally used to determine to. In addition,
it is important that the user select internally consistent values for 40Ka, λε, and λ; see
section 2.5 for details.
2.9 Propagation of Uncertainties: Recalculating K-Ar Dates
When recalculating K-Ar dates with Eq. (2.1), there are several sources of un-
certainty from: (1) the previously published date, to ± σto ; (2) the relative isotopic
abundance of 40K: (a) 40Kao±σ40Kao , and (b) 40Ka±σ40Ka ; and (3) the decay constants
for 40K : (a) λεo ± σλεo , (b) λε ± σλε , (c) λo ± σλo , and (d) λ ± σλ. Of these, only
σto is an ‘internal’ source of uncertainty, while σ40Kao , σ40Ka , σλεo , σλε , σλo , and σλ are
‘external’ sources of uncertainty. In ArAR, the internal uncertainties in the legacy
data are always propagated into the recalculated K-Ar dates, and the user has the
option of propagating external uncertainties (from either the K isotopic abundances,
the 40K decay constants, or both). In addition, the user may specify whether error
propagation should be carried out analytically or by the Monte Carlo method.
2.9.1 Analytical Approach
If a set ofN measured quantities x1, x2, ..., xN with the independent and random un-
certainties σx1 , σx2 , ..., σxN are used to calculate the value of a function f(x1, x2, ..., xN ),
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We have employed this general equation (J. R. Taylor, 1997, p. 75) in ArAR
for propagating uncertainties analytically during recalculation of legacy K-Ar and
40Ar/39Ar dates. Equation (2.1) is a function with seven sources of uncertainty, i.e.,
t = f(to,
40Kao,
40Ka, λεo , λε, λo, λ). (Recall without loss of generality that λ ≡ λε+λβ.)












































The partial differential equations from each of the seven terms in Eq. (S2.8) are
provided below, and even though we have omitted their derivation here, the interested
reader is encouraged to consult texts such as Boas (2006) or Rogawski (2008) for






λ(α(eλoto − 1) + 1) , (S2.9a)
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, (S2.9b)
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, (S2.9c)





























































In ArAR, Eqs. (S2.9) are computed for each recalculated K-Ar date and the results
are substituted into Eq. (S2.8). If any external sources of uncertainty are excluded by
the user, then the corresponding values (i.e., σ40Kao , σ40Ka , σλεo , σλε , σλo , and/or σλ)
are set to zero. This effectively reduces the number of terms that contribute to the
uncertainty of the recalculated K-Ar date (the uncertainty in to is always propagated).
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2.9.2 Monte Carlo Approach
In abstract, the Monte Carlo method relies on the repeated sampling of large
populations of values representing distinct quantities to compute a population of results
using some predefined mathematical combination of the sample values. Inferences can
then be made on the population of results using descriptive statistics.
Because Eq. (2.1) is a function of seven variables, synthetic populations are
generated for each variable (to, 40Kao, 40Ka, λεo , λε, λo, and λ). Each synthetic
population contains pseudo-random numbers that are normally distributed about a
central value (e.g., to) with standard deviation equal to the uncertainty in the central
value (e.g., σto). (Note without loss of generality that generating a synthetic population
for λ using σλ is effectively equivalent to first generating synthetic populations for λε
and λβ using their respective uncertainties and then summing random members from
those populations to create a population for λ.) Each synthetic population has the
same size (i.e., the number of values in each population is the same), which can be
specified in the main ArAR window. If the uncertainty for a particular variable is set
to zero (e.g., if σλ = 0 because external uncertainties from the 40K decay constants
are not being propagated), then every member of the synthetic population for that
variable will equal the mean value of the variable (e.g., all values in the synthetic
population for λ will be identically equal to λ).
Once the seven synthetic populations are generated for to, 40Kao, 40Ka, λεo , λε,
λo, and λ (with standard deviations given by σto , σ40Kao , σ40Ka , σλεo , σλε , σλo , and σλ,
respectively), a synthetic ‘results’ population of recalculated K-Ar dates is generated in
the following way: (1) a single value is randomly drawn from each of the seven source
populations (every value has an equal probability of being drawn, and the values are
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not removed permanently); (2) a synthetic recalculated K-Ar date is computed using
Eq. (S2.6) and is stored in the results population; (3) steps 1 and 2 are repeated until
the results population has the size specified in the main ArAR window. The results
population is normally distributed about a central value, and the uncertainty can be







where N is the size of the results population, the subscript i represents an individual






is the mean of the results population. Note, the mean of the results population will be
close to the analytically recalculated K-Ar date. (As the population size approaches
infinity, the mean value of the results population will converge on the analytical
result.) However, ArAR always returns the analytical result for the recalculated K-Ar
date, and only uses the synthetic results population to infer an uncertainty in the
recalculated date. Only the value of σt is returned when errors are propagated by the
Monte Carlo method.
2.10 Derivation of the 40Ar/39Ar Recalculation Equation
















where t is the age, λ is the total decay constant for 40K, (40Ar∗/39ArK)s is the
measured ratio of radiogenic 40Ar to reactor-produced 39ArK in the sample, and J is a









where 39K and 40K are the number of atoms of 39K and 40K, respectively, that are in
the monitor mineral, λε is the partial decay constant for 40K that accounts for the
production of 40Ar by radioactive decay, ∆T is the duration of the irradiation, φ(E)
is the flux of neutrons with energy E, and σ(E) is the neutron capture cross section
at energy E for the 39K(n,p)39Ar reaction (McDougall and Harrison, 1999). Since it is
problematic to accurately determine the fast-neutron dose that a sample has received
(i.e., φ(E), and σ(E) are difficult to constrain), it is common practice to coirradiate a
K-bearing monitor mineral with a well known age next to the unknown sample. By





where tm is the age of the monitor mineral, and (40Ar∗/39ArK)m is the measured ratio
of radiogenic 40Ar to reactor-produced 39Ar in the monitor mineral.















where the subscript o denotes the values that were originally used to calculate to. Note
that the measured quantity (40Ar∗/39ArK)s is invariant since any change in the decay
43
constants or isotopic abundance values for K will not change the number of atoms
of 39Ar and 40Ar that were counted during the original mass spectrometry. Thus,
we simply need to express the ‘old’ Jo value in terms of a ‘new’ J, solve Eq. (S2.13)
for (40Ar/39ArK)s, and substitute the result into the general 40Ar/39Ar age equation,
Eq. (S2.10).
If the sample was co-irradiated with a K-bearing monitor mineral, and if the
monitor age, tmo , was reported along with the legacy date, to, then we may adopt





Note again that the measured quantity (40Ar∗/39ArK)m is invariant with respect to
changes in accepted values for the decay constants or isotopic abundance values of K.




exp[λtm]− 1 . (S2.15)












Notice that there are now two separate references to the age of the monitor mineral,
namely tmo and tm. While the monitor mineral that was used in the original analysis
certainly has not changed, the accepted value for the age of that monitor mineral
may have changed (e.g., due to ‘new’ values for the decay constants and isotopic
abundances of K, or from more recent experiments), and the revised value must be
accounted for. Finally, by substituting Eq. (S2.16) into Eq. (S2.10), we arrive at an
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(exp[λoto]− 1) + 1
]
. (S2.17)
Note that the irradiation parameter, J , is absent from Eq. (S2.17) since it was in the
numerator in Eq. (S2.10) and in the denominator in Eq. (S2.16), causing them to
cancel to unity. Thus, it is not necessary to know the J value in order to recalculate
a legacy 40Ar/39Ar date. Only the age of the monitor mineral used to calculate the
legacy date is required to determine a ‘new’ 40Ar/39Ar date. If the monitor age was
not reported with the legacy date, but the original irradiation parameter, Jo, and the
quantity (40Ar∗/39ArK)m were reported, then the original value for the monitor age















When recalculating 40Ar/39Ar dates with ArAR, it is important that the user
supply the values of tmo , and λo that were originally used to determine to. In addition,
it is important that the user select internally consistent values for tm and λ; see section
2.5 for details.
2.11 Propagation of Uncertainties: Recalculating 40Ar/39Ar Dates
When recalculating 40Ar/39Ar dates with Eq. (2.2), there are several sources of
uncertainty from: (1) the previously published date, to ± σto ; (2) the decay constants
for 40K: (a) λo± σλo , and (b) λ± σλ; and (3) the monitor mineral ages, (a) tmo ± σtmo ,
and (b) tm±σtm . Of these, only σto is an ‘internal’ source of uncertainty, while σλo , σλ,
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σtmo , and σtm are ‘external’ sources of uncertainty. In ArAR, the internal uncertainties
in the legacy data are always propagated into the recalculated K-Ar dates, and the
user has the option of propagating external uncertainties (from either the 40K decay
constants, monitor mineral ages, or both). In addition, the user may specify whether
error propagation should be carried out analytically or by the Monte Carlo method.
2.11.1 Analytical Approach
Uncertainties are propagated analytically using Eq. (S2.7), the general error
propagation equation (J. R. Taylor, 1997, p. 75). Equation (2.2) is a function with
five sources of uncertainty, i.e., t = f(to, λo, λ, tmo , tm), and therefore a recalculated

































The partial differential equations from each of the five terms in Eq. (S2.19) are provided
below, and even though we have omitted their derivation here, the interested reader







λ(α(eλoto − 1) + 1) , (S2.20a)
where α ≡ e
λtm − 1








λeλt(eλotmo − 1) , (S2.20b)
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where η′ ≡ e
λoto − 1





λ(γ + eλotmo − 1)(eλotmo − 1) , (S2.20d)





γ ′(eλtm − 1) + 1 , (S2.20e)
where γ ′ ≡ e
λoto − 1
eλotmo − 1 .
In ArAR, Eqs. (S2.20) are computed for each recalculated 40Ar/39Ar date and
the results are substituted into Eq. (S2.19). If any external sources of uncertainty
are excluded by the user, then the corresponding values (i.e., σλo , σλ, σtmo , and/or
σtm) are set to zero. This effectively reduces the number of terms that contribute
to the uncertainty of the recalculated 40Ar/39Ar date (the uncertainty in to is always
propagated).
2.11.2 Monte Carlo Approach
Because Eq. (2.2) is a function of five variables, synthetic populations are generated
for each variable (to, λo, λ, tmo , and tm). Each synthetic population contains pseudo-
random numbers that are normally distributed about a central value (e.g., to) with
standard deviation equal to the uncertainty in the central value (e.g., σto). Each
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synthetic population has the same size (i.e., the number of values in each population
is the same), which can be specified in the main ArAR window. If the uncertainty
for a particular variable is set to zero (e.g., if σλ = 0 because external uncertainties
from the 40K decay constants are not being propagated), then every member of the
synthetic population for that variable will equal the mean value of the variable (e.g.,
all values in the synthetic population for λ will be identically equal to λ).
Once the five synthetic populations are generated for to, λo, λ, tmo , and tm (with
standard deviations given by σto , σλo , σλ, σtmo , and σtm , respectively), a synthetic
‘results’ population of recalculated 40Ar/39Ar dates is generated in the following way: (1)
a single value is randomly drawn from each of the five source populations (every value
has an equal probability of being drawn, and the values are not removed permanently);
(2) a synthetic recalculated 40Ar/39Ar date is computed using Eq. (2.2) and is stored
in the results population; (3) steps 1 and 2 are repeated until the results population
has the size specified in the main ArAR window. The results population is normally
distributed about a central value, and the uncertainty can be inferred simply by







where N is the size of the results population, the subscript i represents an individual






is the mean of the results population. Note, the mean of the results population
will be close to the analytically recalculated 40Ar/39Ar date. (As the population
size approaches infinity, the mean value of the results population will converge on
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the analytical result.) However, ArAR always returns the analytical result for the
recalculated 40Ar/39Ar date, and only uses the synthetic results population to infer an
uncertainty in the recalculated date. Only the value of σt is returned when errors are
propagated by the Monte Carlo method.
2.12 Equivalence of the K-Ar and 40Ar/39Ar Recalculation Equations
Adopting Eq. (S2.14) as the starting expression for Jo when recalculating a legacy
40Ar/39Ar date is an arbitrary choice beyond the fact that it is common practice
for researchers to use monitor minerals to calculate the irradiation parameter. An










Notice that we have not added the subscript o to 39K. This is because the production
of 39Ar from K (i.e., 39ArK) by the 39K(n,p)39Ar reaction during neutron irradiation of





and since the measured quantity (40Ar∗/39ArK)m is invariant, then the right-hand side
of this expression is also invariant. In other words, the number of atoms of 39ArK
that were produced in the monitor mineral during the irradiation and subsequently
counted during mass spectrometry is independent of any changes we may consider
for the values of the decay constants or isotopic abundances of K. Therefore, we can
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solve Eq. (S2.11) for the invariant quantity 39K∆T
∫
dE φ(E)σ(E) and substitute it









Note that the quantities 40K and 40Ko as we have used them are, in the strictest sense,
referring to the number of atoms of 40K that are present in the monitor mineral.
These quantities may be re-expressed relative to the total K, K, of the sample by
multiplying both sides of the equation by 1, where on the right-hand side we take
1 = K/K, and the quotient (40KK)/(40KoK) becomes 40Ka/40Kao, i.e., the ratio of the
‘new’ isotopic abundance value to the ‘old’ isotopic abundance value of 40K relative









and, in analogy to the final steps we took to arrive at Eq. (S2.17), we can substi-
tute Eq. (S2.24) into Eq. (S2.13) to get an expression for the invariant quantity
(40Ar/39ArK)s, and then place that result into the general 40Ar/39Ar age equation












(exp[λoto]− 1) + 1
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. (S2.25)











Thus, Eq. (S2.6) and Eq. (S2.17) (i.e., Eq. (2.1) and Eq. (2.2), respectively) are
effectively equivalent, and (in principle) allow legacy K-Ar and 40Ar/39Ar dates to be
recalculated to adjust for changes in the accepted values for the decay constants of 40K
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and the relative abundances of 39K, 40K , and 41K. However, in the strictest sense,
this equivalency only applies in the case where changes in the accepted values for the
ages of monitor minerals are solely due to updates in the 40K decay constants and
isotopic abundance values. In the event that the monitor mineral ages have changed
by other means (e.g., by improved or additional isotopic measurements), then any
40Ar/39Ar dates that rely on those monitors should be recalculated using Eq. (2.2)
rather than Eq. (2.1).
2.13 Propagation of Uncertainties: Multiple Intercalibration
When intercalibrating a sample to multiple ‘primary’ and ‘secondary’ standards
using Eqs. (2.3) a–c, there are several sources of uncertainty from: (1) the 40K decay
constants: (a) λε ± σλε , and (b) λβ ± σλβ ; (2) the value of κ (Eq. (2.3b)) for the
‘primary’ standard: κ ± σκ; and (3) the value(s) of Ri+1i (Eq. (2.3c)) between the
various standards and the unknown sample: Ri+1i ± σRi+1i . When intercalibrating a
sample using Eq. (2.4), the sources of uncertainty are: (1) the 40K total decay constant:
λ± σλ; (2) the age of the ‘primary’ standard: t0 ± σt0 ; and (3) the value(s) of Ri+1i
(as above). Of these, σκ, σt0 , and σRi+1i are ‘internal’ sources of uncertainty, while σλ,
σλε , and σλβ are ‘external’ sources of uncertainty. In ArAR, the internal uncertainties
in the legacy data are always propagated into the intercalibrated standard age, and
the user has the option of propagating external uncertainties (from the 40K decay
constants). In addition, the user may specify whether error propagation should be
carried out analytically or by the Monte Carlo method.
51
2.13.1 Analytical Approach
D. B. Karner and Renne (1998) and Renne et al. (1998) provided analytical
equations for the propagation of uncertainties through Eqs. (2.3) a–c and Eq. (2.4).
These equations are reproduced below term by term, and were originally derived using
the same general error propagation equation for independent and random quantities
(Eq. (S2.7)) that we have applied to Eq. (2.1) and Eq. (2.2).
Equation (2.3a) is a function with four or more sources of uncertainty, depending
on how many standards are used in the intercalibration. For example, if an unknown
sample is intercalibrated relative to a single primary standard (i.e., n = 1), then tu =
f(λε, λβ, κ, R
1
0). If an unknown sample is instead intercalibrated relative to a primary
monitor and two secondary standards (i.e., n = 3), then tu = f(λε, λβ, κ, R10, R21, R32).



























The partial differential equations from each of the terms in Eq. (S2.27) are provided






















































Note the use of two separate indexes, i and j, in Eq. (S2.28d).
Equation (2.4) is a function with three or more sources of uncertainty, again
depending on the number of standards that are used in the intercalibration, i.e.,




1, . . . , R
i+1
i ) for i < n. In general, an 40Ar/39Ar date intercalibrated




















The partial differential equations from each of the terms in Eq. (S2.29) are provided




























Note the use of two separate indexes, i and j, in Eq. (S2.30c).
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In ArAR, Eqs. (S2.28) are computed and substituted into Eq. (S2.27), or
Eqs. (S2.30) are computed and substituted into Eq. (S2.29), depending on the inter-
calibration algorithm selected by the user. If any external sources of uncertainty are
excluded by the user, then the corresponding values (σλε , and σλβ in Eq. (S2.27); σλ
in Eq. (S2.29)) are set to zero. This effectively reduces the number of terms that
contribute to the uncertainty of the intercalibrated 40Ar/39Ar date (the uncertainties
in σκ, σt0 , and R
j+1
j are always propagated).
The uncertainty in Rj+1j can be determined using the general error propagation







































































eλtj − 1 . (S2.35c)
2.13.2 Monte Carlo Approach
When a sample is intercalibrated relative to a primary standard and zero or
more secondary standards, the uncertainties in each ratio Ri+1i (for 0 ≤ i < n) are
determined first. In case (A), where Eq. (S2.31) applies, synthetic populations of
pseudo-random numbers are generated for the quantities Fi = (40Ar∗/39ArK)i and
Fi+1 = (
40Ar∗/39ArK)i+1, which are normally distributed about a central value (e.g., Fi)
with standard deviation equal to the uncertainty in the central value (e.g., σFi). Each
synthetic population has the same size (i.e., the number of values in each population is
the same), which can be specified in the ArAR Multiple Intercalibration Tool window.
Next, a synthetic ‘results’ population of Ri+1i values, where (R
i+1
i )j = (Fi+1)j/(Fi)j,
is generated in the following way: (1) a single value (with index j) is randomly drawn
from each of the source populations (every value has an equal probability of being
drawn, and the values are not removed permanently); (2) a synthetic (Ri+1i )j value is
computed using Eq. (S2.31) and is stored in the results population; (3) steps 1 and 2
are repeated until the results population has the size specified in the ArAR Multiple
Intercalibration Tool window. The results population is normally distributed about a
















where N is the size of the results population, the subscript i represents an individual










is the mean of the results population. Note, the mean of the results population will be
close to the analytically determined R value, Ri+1i . (As the population size approaches
infinity, the mean value of the results population will converge on the analytical
result.) However, ArAR always returns the analytical result for Ri+1i , and only uses
the synthetic results population to infer an uncertainty, σRi+1i . The uncertainties for
each R value, σRi+1i , are reported for convenience, and the synthetic populations for
each R value, Ri+1i , are used again in later calculations when errors are propagated by
the Monte Carlo method for multiple intercalibration.
In case (B), where Eq. (S2.33) applies, synthetic populations of pseudo-random
numbers are generated for the quantities λ, ti, and ti+1, which are normally distributed
about a central value (e.g., λ) with standard deviation equal to the uncertainty in the
central value (e.g., σλ). Each synthetic population has the same size (i.e., the number
of values in each population is the same), which can be specified in the ArAR Multiple
Intercalibration Tool window. Next, intermediate synthetic populations are generated
(separately) for the quantities Fi and Fi+1 in the following general way: (1) a single
value (with index j) is randomly drawn from each of the appropriate source populations
(every value has an equal probability of being drawn, and the values are not removed
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permanently); (2) a synthetic (Fi)j = (exp[λ(ti)j ]− 1) or (Fi+1)j = (exp[λ(ti+1)j ]− 1)
value is computed and is stored in the appropriate intermediate population; (3) steps
1 and 2 are repeated until the intermediate populations have the size specified in the
ArAR Multiple Intercalibration Tool window. Next, a synthetic ‘results’ population
of Ri+1i values is generated in the following way: (1) a single value (with index j) is
randomly drawn from each of the source populations (for Fi and Fi+1) (every value has
an equal probability of being drawn, and the values are not removed permanently); (2)
a synthetic value is computed by taking the ratio (Ri+1i )j = (Fi+1)j/(Fi)j, consistent
with Eq. (S2.33), and is stored in the results population; (3) steps 1 and 2 are repeated
until the results population has the size specified in the ArAR Multiple Intercalibration
Tool window. The results population is normally distributed about a central value, and














where N is the size of the results population, the subscript i represents an individual










is the mean of the results population. Note, the mean of the results population will be
close to the analytically determined R value, Ri+1i . (As the population size approaches
infinity, the mean value of the results population will converge on the analytical
result.) However, ArAR always returns the analytical result for Ri+1i , and only uses
the synthetic results population to infer an uncertainty, σRi+1i . The uncertainties for
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each R value, σRi+1i , are reported for convenience, and the synthetic populations for
each R value, Ri+1i , are used again in later calculations when errors are propagated by
the Monte Carlo method for multiple intercalibration.
Once synthetic populations have been generated for each Ri+1i (for 0 ≤ i < n),
synthetic populations are also generated for each additional quantity in either Eqs. (2.3)
(i.e., λε, λ, κ) or Eq. (2.4) (i.e., λ, t0), depending on the algorithm selected by the
end user. The total number of synthetic populations depends on the total number of
standards (n) that are being used to calibrate the unknown sample. Each synthetic
population contains pseudo-random numbers that are normally distributed about a
central value (e.g., λ) with standard deviation equal to the uncertainty in the central
value (e.g., σλ). Each synthetic population has the same size (i.e., the number of
values in each population is the same), which can be specified in the ArAR Multiple
Intercalibration Tool window. If the uncertainty for a particular variable is set to zero
(e.g., if σλ = 0 because external uncertainties from the 40K decay constants are not
being propagated), then every member of the synthetic population for that variable
will equal the mean value of the variable (e.g., all values in the synthetic population
for λ will be identically equal to λ).
Once the synthetic populations are generated for the appropriate quantities in
Eqs. (2.3) or Eq. (2.4), a synthetic ‘results’ population of intercalibrated monitor dates
is generated in the following way: (1) a single value is randomly drawn from each
of the source populations (every value has an equal probability of being drawn, and
the values are not removed permanently); (2) a synthetic intercalibrated 40Ar/39Ar
date is computed using either Eqs. (2.3) or Eq. (2.4) and is stored in the results
population; (3) steps 1 and 2 are repeated until the results population has the size
specified in the ArAR Multiple Intercalibration Tool window. The results population
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is normally distributed about a central value, and the uncertainty can be inferred










where N is the size of the results population, the subscript i represents an individual






is the mean of the results population. Note, the mean of the results population
will be close to the analytically intercalibrated 40Ar/39Ar date. (As the population
size approaches infinity, the mean value of the results population will converge on
the analytical result.) However, ArAR always returns the analytical result for the
intercalibrated 40Ar/39Ar date, and only uses the synthetic results population to infer
an uncertainty in the intercalibrated date. Only the value of σtu is returned when
errors are propagated by the Monte Carlo method for multiple intercalibration.
2.13.3 Supplemental Intercalibrations Using the Mean F Value
For a single standard, S, replicate FSi = (40Ar
∗/39ArK)Si values may be entered in
the ArAR Multiple Intercalibration Tool Window. The user may choose to perform a
supplemental intercalibration using a mean FS value to determine a single RSP = FS/FP
value relative to the primary standard, P. Either an arithmetic mean or an inverse-









where N is the number of replicates, and the uncertainty can either be determined as






































Once a mean FS value, FS, is determined, the MSWD, also known as the reduced









The MSWD will have a value near unity if the value of FS fits the population of FSi
values well. If MSWD > 1 + 2 ·√2/(N − 1), then it is possible that the uncertainties
σFSi were underestimated and do not adequately account for the scatter of the FSi
values about the mean, FS. If the user feels that this is indeed the case, they have the
option to have the ArAR Multiple Intercalibration Tool expand the uncertainty in
FS, i.e., σFS , by the
√
MSWD. This expansion inflates the σFSi values such that the
MSWD becomes identically equal to unity, and therefore serves as a method to account
for excess dispersion in the FSi values. Note: this should not necessarily be used
mechanistically; it is important that the researcher critically evaluate whether this
error expansion technique is warranted in each case where MSWD > 1+2·√2/(N − 1).
For more information about the MSWD, the interested reader is referred to Wendt
and Carl (1991).
Once the mean FS value, FS, and its associated uncertainty, σFS , are determined,
a single intercalibration factor is calculated using
RSP = FS/FP , (S2.42)














Finally, Eqs. (2.3) a–c are used (with n = 1) to determine an intercalibrated age of
the standard S. Error propagation occurs as described in sections 2.13.1 and 2.13.2.
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2.13.4 Calculated Values of κ and t0 for the Primary Monitor
By default, the user must supply the value of either κ or t0 for the ‘primary’
standard when using Eqs. (2.3) a-c or Eq. (2.4), respectively, to intercalibrate an
unknown in the ArAR Multiple Intercalibration Tool. However, the user may optionally
have ArAR determine: (1) κ from t0 before employing the result in Eqs. (2.3) a-c, or
(2) t0 from κ before employing the result in Eq. (2.4). The following sections describe
these calculations and the associated propagation of uncertainties.
2.13.4.1 Calculating κ from t0
















eλt0 − 1) . (S2.45)





e(λε+λβ)t0 − 1) , (S2.46)
since λ ≡ λε +λβ. Then, applying the general error propagation equation (Eq. (S2.7)),
62









































In ArAR, Eqs. (S2.48) are computed and the results are substituted into Eq. (S2.47).
If any external sources of uncertainty are excluded by the user, then the corresponding
values (i.e., σλε and σλβ) are set to zero. This effectively reduces the number of terms
that contribute to the uncertainty of κ (the uncertainty in t0 is always propagated).
2.13.4.2 Calculating t0 from κ
To determine the value of t0 from κ, we simply employ Eq. (S2.44). To calculate












since λ ≡ λε +λβ. Then, applying the general error propagation equation (Eq. (S2.7)),
















































In ArAR, Eqs. (S2.51) are computed and the results are substituted into Eq. (S2.50).
If any external sources of uncertainty are excluded by the user, then the corresponding
values (i.e., σλε and σλβ) are set to zero. This effectively reduces the number of terms
that contribute to the uncertainty of t0 (the uncertainty in κ is always propagated).
2.14 An Example of Using the Multiple Intercalibration Tool
In many cases, the ages of monitor minerals for 40Ar/39Ar geochronology are
determined relative to a single primary standard with a known K-Ar age (e.g., using
the methods described in section 2.5.3; Jourdan et al., 2006; Nomade et al., 2005;
Renne et al., 1998; Spell and McDougall, 2003). In these cases, the monitor ages can
be recalculated to account for changes in the 40K decay constants or the age of the
primary standard using the 40Ar/39Ar correction algorithm of ArAR (see section 2.5,
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particularly section 2.5.2). However, in some instances a monitor mineral is calibrated
against multiple co-irradiated standards, making it impossible to recalculate the
monitor’s age using the main algorithms of ArAR. If this situation arises, and if the
isotopic or age data are available for all of the samples involved in the intercalibration
of such a monitor, then the Multiple Intercalibration Tool in ArAR provides a means
to address this problem. In addition, researchers can use the Multiple Intercalibration
Tool to intercalibrate a new or existing sample against a primary standard and zero
or more secondary standards for use as a monitor mineral in 40Ar/39Ar geochronology.
As an example, consider the St. Severin monitor, which was originally calibrated
by Alexander and Davis (1974a) and used to date lunar samples (e.g., Alexander
and Davis, 1974a; Leich et al., 1975; D. Phinney et al., 1975). The published age of
4504±20 Ma (assumed to be 1σ) for the St. Severin chondrite was determined relative
to the Hb3gr (hornblende), BS-1 (biotite), and NL2561,2 (hornblende) standards
(which were in use at that time in labs at Pasadena, Menlo Park, and Stony Brook,
respectively) using the 40K decay constants of Aldrich and Wetherill (1958). Aliquots
of St. Severin, Hb3gr, BS-1, and NL2561,2 were placed in a vial and irradiated
simultaneously, and were subsequently analyzed using the BMS2 mass spectrometer
at the University of California, Berkeley. The 40Ar∗/39ArK values that were reported
for two splits of each of these samples are shown in Table S2.1, along with the
inverse-variance weighted means for each sample (calculated using Eqs. (S2.39) and
(S2.40)). In addition, Alexander and Davis (1974a) used data published by Turner
et al. (1971) and the K isotopic abundances of Nier (1950) to determine a value of
κo = (
40Ar∗/40K)o = (8.338± 0.071)× 10−2 (1σ) for the Hb3gr monitor. Neglecting
changes in the accepted values for the relative isotopic abundances of Ar, we can
use Eq. (2.5) to recalculate κo to use the K isotopic abundances of Steiger and Jäger
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Table S2.1. The measured 40Ar∗/39ArK ratios reported by Alexander
and Davis (1974a) for the St. Severin chondrite and the BS-1, Hb3gr,
and NL2561,2 standards. The isotopic ratios for each split have been
corrected for operational blanks, instrument mass discrimination, decay
of 37Ar and 39Ar following irradiation, and the presence of interfering
nucleogenic isotopes and atmosphere. The inverse-variance weighted
mean 40Ar∗/39ArK values were calculated using Eqs. (S2.39) and (S2.40).
40Ar∗/39ArK ± σ Weighted Mean
Sample Split 1 Split 2 F ± σF
St. Severin 197.22 ± 0.70 197.15 ± 0.50 197.17 ± 0.41
Hb3gr 14.920 ± 0.053 14.985 ± 0.065 14.946 ± 0.041
BS-1 1.7672± 0.0092 1.7702± 0.0097 1.7686± 0.0067
NL2561,2 63.29 ± 0.28 61.07 ± 0.37 62.48 ± 0.22
(1977; 40Ka = 1.167× 10−4) rather than those of Nier (1950; 40Kao = 1.19× 10−4).
(Note, 40Kao and 40Ka are defined in section 2.5.) We obtain a new value of κ =
(8.502± 0.072)× 10−2 (1σ) for the Hb3gr standard.
We are now ready to intercalibrate the St. Severin chondrite using Hb3gr as the
primary standard, and using BS-1 and NL2561,2 as secondary standards. In the ArAR
Multiple Intercalibration tool (Figure S2.1), we must perform the following actions:
(1) select the 40Ar∗/40K and 40Ar∗/39ArK algorithms (i.e., to use Eq. (2.3a) and the
Ri+1i = (
40Ar∗/39ArK)i+1/(40Ar∗/39ArK)i form of Eq. (2.3c)); (2) select the 40K decay
constants of Steiger and Jäger (1977); (3) enter the inverse-variance weighted mean
40Ar∗/39ArK value of St. Severin in the ‘Sample/Unknown’ panel; (4) enter our new
value for κ and the weighted mean 40Ar∗/39ArK value of Hb3gr in the appropriate fields
of the ‘Primary Standard’ panel; (5) enter the weighted mean 40Ar∗/39ArK value of
BS-1 in the fields on the right of the ‘Secondary Standard(s)’ panel and click ‘Append’;
(6) repeat step 5 to append the weighted mean 40Ar∗/39ArK value of NL2561,2 to the
secondary standards list; (7) specify the intercalibration options (we simply chose to
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Figure S2.1. A screenshot of the ArAR Multiple Intercalibration Tool, with parameter
values and sample isotopic data entered to intercalibrate the St. Severin chondrite against
the Hb3gr, BS-1, and NL2561,2 standards. See the text for more details.
propagate uncertainties analytically and to ignore external sources of uncertainty for
this example); and (8) press the ‘Execute’ button to perform the intercalibration.
The result is a new intercalibrated age of 4437± 19 Ma for St. Severin, which is ca.
1.48 % younger than the value published by Alexander and Davis (1974a). Suppose
that we had (mistakenly) treated the published age of 4504± 20 Ma as a K-Ar date
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instead, and used the K-Ar algorithm of ArAR (Eq. (2.1)) to shift to the 40K decay
constants K isotopic abundances of Steiger and Jäger (1977). (These are the same
target parameters that we used during the intercalibration process, and we showed in
2.12 that the K-Ar and 40Ar/39Ar recalculation equations are equivalent in the case
where age discrepancies are solely due to changes in the 40K decay constants and
K isotopic abundances.) We would have obtained the erroneous result of 4426± 19
Ma, which is closer to ca. 1.73 % younger. Ergo, because St. Severin was originally
calibrated relative to multiple standards, it is best to perform a new intercalibration
from scratch to use updated values for the 40K decay constants and K isotopic
abundances.
2.15 Acknowledgements
We are grateful to Klaudia Kuiper and Brad Singer for constructive reviews that
helped to improve this manuscript and the ArAR software. We would also like to
thank Klaus Mezger for overseeing the editorial process. This work was supported by
NASA Grants NNX11AB31G and NNX14AQ04G to K.V.H., and a NASA Earth and
Space Science Fellowship to C.M.M. (NNX12AH82H).
References
Aldrich, L. T. and A. O. Nier (1948). Argon 40 in Potassium Minerals. Physical Review
74 (8), pp. 876–877.
Aldrich, L. T. and G. W. Wetherill (1958). Geochronology by Radioactive Decay.
Annual Review of Nuclear Science 8 (1), pp. 257–298.
68
Alexander Jr., E. C. and P. K. Davis (1974a). 40Ar-39Ar Ages and Trace Element
Contents of Apollo 14 Breccias; an Interlaboratory Cross-Calibration of 40Ar-39Ar
Standards. Geochimica et Cosmochimica Acta 38 (6), pp. 911–928.
Audi, G., O. Bersillon, J. Blachot, and A. H. Wapstra (1997). The NUBASE Evaluation
of Nuclear and Decay Properties. Nuclear physics A 624 (1), pp. 1–124.
Baksi, A. K., D. A. Archibald, and E. Farrar (1996). Intercalibration of 40Ar/39Ar
Dating Standards. Chemical Geology 129 (3-4), pp. 307–324.
Beckinsale, R. D. and N. H. Gale (1969). A Reappraisal of the Decay Constants and
Branching Ratio of 40K. Earth and Planetary Science Letters 6 (4), pp. 289–294.
Boas, M. L. (2006). Mathematical Methods in the Physical Sciences. Third. John Wiley
& Sons, Ltd.
Böhlke, J. K., J. R. de Laeter, P. de Biévre, H. Hidaka, H. S. Peiser, K. J. R. Rosman,
and P. D. P. Taylor (2005). Isotopic Compositions of the Elements, 2001. Journal
of Physical and Chemical Reference Data 34 (1), pp. 57–67.
Cassata, W. S., D. L. Shuster, P. R. Renne, and B. P. Weiss (2010). Evidence for Shock
Heating and Constraints on Martian Surface Temperatures Revealed by 40Ar/39Ar
Thermochronometry of Martian Meteorites. Geochimica et Cosmochimica Acta
74 (23), pp. 6900–6920.
Dalrymple, G. B. and M. A. Lanphere (1969). Potassium-Argon Dating: Princi-
ples, Techniques, and Applications to Geochronology. Ed. by J. Gilluly and A. O.
Woodford. A Series of Books in Geology. W. H. Freeman and Company.
Dalrymple, G. B. (1979). Critical Tables for Conversion of K-Ar Ages from Old to
New Constants. Geology 7 (11), pp. 558–560.
Dazé, A., J. K. W. Lee, and M. Villeneuve (2003). An Intercalibration Study of the
Fish Canyon Sanidine and Biotite 40Ar/39Ar Standards and Some Comments on
the Age of the Fish Canyon Tuff. Chemical Geology 199 (1-2), pp. 111–127.
Endt, P. M. (1990). Energy Levels of A = 21–44 Nuclei (VII). Nuclear physics A 521,
pp. 1–400.
Endt, P. M. and C. Van der Leun (1973). Energy Levels of A = 21–44 Nuclei (V).
Nuclear physics A 214, pp. 1–625.
Garner, E. L., T. J. Murphy, J. W. Gramlich, P. J. Paulsen, and I. L. Barnes (1975).
Absolute Isotopic Abundance Ratios and the Atomic Weight of a Reference Sample
69
of Potassium. Journal of Research of the National Bureau of Standards - A. Physics
and Chemistry 79A (6), pp. 713–725.
Heckert, N. A. and J. J. Filliben (2003). Weighted Standard Deviation — NIST Hand-
book 148: Dataplot Reference Manual, Volume 2. National Institute of Standards
and Technology, pp. 66–67, pp. 66–67.
Hurford, A. J. and K. Hammerschmidt (1985). 40Ar/39Ar and K/Ar Dating of the
Bishop and Fish Canyon Tuffs: Calibration Ages for Fission-Track Dating Standards.
Chemical Geology: Isotope Geoscience section 58 (1-2), pp. 23–32.
Jourdan, F., A. Frew, A. Joly, C. Mayers, and N. J. Evans (2014). WA1ms: A ∼2.61
Ga Muscovite Standard for 40Ar/39Ar Dating. Geochimica et Cosmochimica Acta
141, pp. 113–126.
Jourdan, F. and P. R. Renne (2007). Age Calibration of the Fish Canyon Sani-
dine 40Ar/39Ar Dating Standard Using Primary K–Ar Standards. Geochimica et
Cosmochimica Acta 71 (2), pp. 387–402.
Jourdan, F., C. Verati, and G. Féraud (2006). Intercalibration of the Hb3gr 40Ar/39Ar
Dating Standard. Chemical Geology 231 (3), pp. 177–189.
Karner, D. B. and P. R. Renne (1998). 40Ar/39Ar Geochronology of Roman Volcanic
Province Tephra in the Tiber River Valley: Age Calibration of Middle Pleistocene
Sea-Level Changes. Geological Society Of America Bulletin 110 (6), pp. 740–747.
Koppers, A. A. P. (2002). ArArCALC—Software for 40Ar/39Ar Age Calculations.
Computers & Geosciences 28 (5), pp. 605–619.
Kuiper, K. F., A. Deino, F. J. Hilgen, W. Krijgsman, P. R. Renne, and J. R. Wijbrans
(2008). Synchronizing Rock Clocks of Earth History. Science 320 (5875), pp. 500–
504.
Kwon, J., K. Min, P. J. Bickel, and P. R. Renne (2002). Statistical Methods for
Jointly Estimating the Decay Constant of 40K and the Age of a Dating Standard.
Mathematical Geology 34 (4), pp. 457–474.
Lanphere, M. A., M. A. Lanphere, H. Baadsgaard, and H. Baadsgaard (2001). Precise
K–Ar, 40Ar/39Ar, Rb–Sr and U/Pb Mineral Ages from the 27.5 Ma Fish Canyon
Tuff Reference Standard. Chemical Geology 175 (3-4), pp. 653–671.
70
Leich, D. A., S. B. Kahl, A. R. Kirschbaum, S. Niemeyer, and D. Phinney (1975).
Rare Gas Constraints on the History of Boulder 1, Station 2, Apollo 17. The Moon
14, pp. 407–444.
McDougall, I. and T. M. Harrison (1999). Geochronology and Thermochronology by
the 40Ar/39Ar Method. 2nd ed. Oxford University Press.
Mercer, C. M., K. E. Young, J. R. Weirich, K. V. Hodges, B. L. Jolliff, J. A. Wartho,
and M. C. van Soest (2015). Refining Lunar Impact Chronology Through High
Spatial Resolution 40Ar/39Ar Dating of Impact Melts. Science Advances 1 (1),
e1400050.
Merrihue, C. and G. Turner (1966). Potassium-Argon Dating by Activation with Fast
Neutrons. Journal of Geophysical Research 71 (11), pp. 2852–2857.
Min, K., R. Mundil, P. R. Renne, and K. R. Ludwig (2000). A Test for Systematic
Errors in 40Ar/39Ar Geochronology Through Comparison with U/Pb Analysis of a
1.1-Ga Rhyolite. Geochimica et Cosmochimica Acta 64 (1), pp. 73–98.
Nier, A. O. (1950). A Redetermination of the Relative Abundances of the Isotopes
of Carbon, Nitrogen, Oxygen, Argon, and Potassium. Physical Review 77 (6),
pp. 789–793.
Nomade, S., P. R. Renne, N. Vogel, A. L. Deino, W. D. Sharp, T. A. Becker, A. R.
Jaouni, and R. Mundil (2005). Alder Creek Sanidine (ACs-2): A Quaternary
40Ar/39Ar Dating Standard Tied to the Cobb Mountain Geomagnetic Event.
Chemical Geology 218 (3-4), pp. 315–338.
Phillips, D. and E. L. Matchan (2013). Ultra-High Precision 40Ar/39Ar Ages for Fish
Canyon Tuff and Alder Creek Rhyolite Sanidine: New Dating Standards Required?
Geochimica et Cosmochimica Acta 121, pp. 229–239.
Phinney, D., S. B. Kahl, and J. H. Reynolds (1975). 40Ar-39Ar Dating of Apollo 16
and 17 Rocks. Lunar and Planetary Science Conference 6, pp. 1593–1608.
Renne, P. R., A. L. Deino, R. C. Walter, B. D. Turrin, C. C. Swisher III, T. A.
Becker, G. H. Curtis, W. D. Sharp, and A.-R. Jaouni (1994). Intercalibration of
Astronomical and Radioisotopic Time. Geology 22, pp. 783–786.
Renne, P. R., G. WoldeGabriel, W. K. Hart, G. Heiken, and T. D. White (1999).
Chronostratigraphy of the Miocene–Pliocene Sagantole Formation, Middle Awash
Valley, Afar Rift, Ethiopia. Geological Society Of America Bulletin 111 (6), pp. 869–
885.
71
Renne, P. R., G. Balco, K. R. Ludwig, R. Mundil, and K. Min (2011). Response
to the Comment by W. H. Schwarz et al. on “Joint Determination of 40K Decay
Constants and 40Ar*/40K for the Fish Canyon Sanidine Standard, and Improved
Accuracy for 40Ar/39Ar Geochronology" by P. R. Renne et al. (2010). Geochimica
et Cosmochimica Acta 75 (17), pp. 5097–5100.
Renne, P. R., W. S. Cassata, and L. E. Morgan (2009a). The Isotopic Composition of
Atmospheric Argon and 40Ar/39Ar Geochronology: Time for a Change? Quaternary
Geochronology 4 (4), pp. 288–298.
Renne, P. R., R. Mundil, G. Balco, K. Min, and K. R. Ludwig (2010). Joint Deter-
mination of 40K Decay Constants and 40Ar*/40K for the Fish Canyon Sanidine
Standard, and Improved Accuracy for 40Ar/39Ar Geochronology. Geochimica et
Cosmochimica Acta 74 (18), pp. 5349–5367.
Renne, P. R., C. C. Swisher, A. L. Deino, D. B. Karner, T. L. Owens, and D. J.
DePaolo (1998). Intercalibration of Standards, Absolute Ages and Uncertainties in
40Ar/39Ar Dating. Chemical Geology 145 (1), pp. 117–152.
Renne, P. R. et al. (2009b). Data Reporting Norms for 40Ar/39Ar Geochronology.
Quaternary Geochronology 4 (5), pp. 346–352.
Rivera, T. A., M. Storey, C. Zeeden, F. J. Hilgen, and K. Kuiper (2011). A Refined
Astronomically Calibrated 40Ar/39Ar Age for Fish Canyon Sanidine. Earth and
Planetary Science Letters 311 (3-4), pp. 420–426.
Rogawski, J. (2008). Multivariable Calculus. W. H. Freeman and Company.
Schwarz, W. H., K. Kossert, M. Trieloff, and J. Hopp (2011). Comment on the “Joint
Determination of 40K Decay Constants and 40Ar*/40K for the Fish Canyon Sanidine
Standard, and Improved Accuracy for 40Ar/39Ar Geochronology" by Paul R. Renne
et al. (2010). Geochimica et Cosmochimica Acta 75 (17), pp. 5094–5096.
Schwarz, W. H. and M. Trieloff (2007). Intercalibration of 40Ar–39Ar Age Standards
NL-25, HB3gr Hornblende, GA1550, SB-3, HD-B1 Biotite and BMus/2 Muscovite.
Chemical Geology 242 (1-2), pp. 218–231.
Smith, A. G. (1964). Potassium—Argon Decay Constants and Age Tables. Geological
Society, London, Special Publications 1 (1), pp. 129–141.
Spell, T. and I. McDougall (2003). Characterization and Calibration of 40Ar/39Ar
Dating Standards. Chemical Geology 198 (3-4), pp. 189–211.
72
Steiger, R. H. and E. Jäger (1977). Subcommission on Geochronology: Convention on
the Use of Decay Constants in Geo- and Cosmochronology. Earth and Planetary
Science Letters 36, pp. 359–362.
Steven, T. A., H. H. Mehnert, and J. D. Obradovich (1969). Age of Volcanic Activity
in the San Juan Mountains, Colorado. 575D. Professional Papers. United States
Geological Survey, pp. D47–D55.
Taylor, J. R. (1997). An Introduction to Error Analysis: The Study of Uncertainties
in Physical Measurements. 2nd Edition. University Science Books.
Turner, G., J. C. Huneke, F. A. Podosek, and G. J. Wasserburg (1971). 40Ar-39Ar
Ages and Cosmic Ray Exposure Ages of Apollo 14 Samples. Earth and Planetary
Science Letters 12 (1), pp. 19–35.
Villeneuve, M., H. A. Sandeman, and W. J. Davis (2000). A Method for Intercalibration
of U-Th-Pb and 40Ar-39Ar Ages in the Phanerozoic. Geochimica et Cosmochimica
Acta 64 (23), pp. 4017–4030.
Wendt, I. and C. Carl (1991). The Statistical Distribution of the Mean Squared




REFINING LUNAR IMPACT CHRONOLOGY THROUGH HIGH SPATIAL
RESOLUTION 40AR/39AR DATING OF IMPACT MELTS
Cameron M. Mercer,1* Kelsey E. Young,1† John R. Weirich,1‡ Kip V. Hodges,1
Bradley L. Jolliff,2 Jo-Anne Wartho,1§ and Matthijs C. van Soest1
1School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85287, USA.
2Department of Earth and Planetary Sciences and McDonnell Center for the Space Sciences,
Washington University, St. Louis, MO 63130, USA.
*Corresponding author: cameron.m.mercer@asu.edu
†Present address: Planetary Geodynamics Laboratory, Code 698, NASA Goddard Space
Flight Center, Greenbelt, MD 20771, USA.
‡Present address: Planetary Science Institute Tucson, Tucson, AZ 85719, USA.
§Present address: GEOMAR Helmholtz Centre for Ocean Research Kiel, Wischhofstr. 1-3,
D-24148 Kiel, Germany.
Citation: C. M. Mercer et al., (2015). Refining Lunar Impact Chronology Through High
Spatial Resolution 40Ar/39Ar Dating of Impact Melts. Science Advances, 1 (1), e1400050.
3.1 Abstract
Quantitative constraints on the ages of melt-forming impact events on the Moon are
based primarily on isotope geochronology of returned samples. However, interpreting
the results of such studies can often be difficult because the provenance region of any
sample returned from the lunar surface may have experienced multiple impact events
over the course of billions of years of bombardment. We illustrate this problem with
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new laser microprobe 40Ar/39Ar data for two Apollo 17 impact melt breccias. Whereas
one sample yields a straightforward result, indicating a single melt–forming event at ca.
3.83 Ga, data from the other sample document multiple impact melt-forming events
between ca. 3.81 Ga and at least as young as ca. 3.27 Ga. Notably, published zircon
U/Pb data indicate the existence of even older melt products in the same sample. The
revelation of multiple impact events through 40Ar/39Ar geochronology is likely not to
have been possible using standard incremental heating methods alone, demonstrating
the complementarity of the laser microprobe technique. Evidence for 3.83 Ga to
3.81 Ga melt components in these samples reinforces emerging interpretations that
Apollo 17 impact breccia samples include a significant component of ejecta from the
Imbrium basin impact. Collectively, our results underscore the need to quantitatively
resolve the ages of different melt generations from multiple samples to improve our
current understanding of the lunar impact record, and to establish the absolute ages
of important impact structures encountered during future exploration missions in the
inner Solar System.
3.2 Introduction
The lunar regolith is a vast archive of geologic samples that collectively record
much of the meteorite impact history of the inner Solar System. This repository
can be used to quantify the chronology of impact events with high precision and
accuracy through isotope geochronology of impact melt products in lunar meteorites
and samples returned by the Apollo and Luna missions (Fernandes et al., 2013; Grange
et al., 2009; Shuster et al., 2010; Stöffler et al., 2006). An important goal of many
of these efforts is to constrain the timing of major basin-forming impact events that
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punctuate lunar history, but such efforts are made more difficult by the complex
nature of most samples that contain melt products: impact melt breccias (IMBs).
High-resolution imagery of the Moon’s surface by NASA’s Lunar Reconnaissance
Orbiter Camera confirms that even small (ca. 100-m-scale) impact craters on the
Moon show visual evidence of melt (Plescia and M. J. Cintala, 2012), implying that
not all IMB melt components can be traced unambiguously to basin-forming impacts.
Because the lunar regolith has been reworked over billions of years by continuous
meteorite bombardment, we might expect many lunar IMB samples to contain multiple
generations of melt, and this hypothesis is supported by evidence for cross-cutting
melt veins in many lunar IMB samples (Schmitt, 1973; Stöffler et al., 1979).
In this contribution, we show how high spatial resolution 40Ar/39Ar dating of
lunar IMB melt materials in petrographic context using ultraviolet laser ablation
microprobe (UVLAMP) technologies can complement more traditional dating methods
for unraveling such complexities. New results for Apollo 17 samples 77115 and 73217
confirm that some IMBs (for example, 77115) appear to be monogenetic, whereas
others (for example, 73217) contain evidence for multiple impact events spanning
several hundred million years. Although the data support the hypothesis that some
of the samples collected during the Apollo 17 mission include melts produced by
the Imbrium basin-forming impact (Haskin et al., 1998; G. A. Schaeffer and O. A.
Schaeffer, 1977; Spudis et al., 2011) in addition to those from the Serenitatis basin,
IMBs from the Taurus-Littrow regolith also preserve a rich history of more localized
impact melting. A comprehensive understanding of the evolution of planetary regoliths
will require extensive geochronology campaigns to isolate small, localized impact
melting episodes from regional or global (that is, basin-scale) events.
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IMBs are complex admixtures of “melt”—glass and neoblastic crystalline
aggregates—and “clasts,” which are relict crystals (xenocrysts) and lithic frag-
ments (xenoclasts) from the target rocks. This can make it difficult to uniquely
interpret the ages of impact events from isotopic dates of impact melt products
(Bogard, 1995; Deutsch and Schärer, 1994; Jourdan et al., 2012; Young et al., 2013),
and poses special challenges for 40Ar/39Ar dating (Jourdan, 2012). One concern in
particular is that, despite careful sample preparation, relict, incompletely reset clasts
may be present in the small chips of IMBs analyzed in conventional incremental
heating 40Ar/39Ar experiments, which typically mass a few to a few tens of milli-grams.
Although an impact event can heat target materials to extremely high temperatures,
the heterogeneous spatial distribution of peak temperatures and short duration of the
thermal pulse is often insufficient to fully reset the Ar isotopic systematics of clasts
(Eichhorn et al., 1979; Jessberger et al., 1977; Young et al., 2013). Thus, conventional
40Ar/39Ar analyses compromised by the presence of clasts may yield anomalously old
dates that do not accurately reflect the age of impact (for example, Jessberger et al.,
1974a; Maurer et al., 1978; Stettler et al., 1974; Stettler et al., 1975; Turner and
Cadogan, 1975). In addition, for samples that have experienced multiple impacts on
airless bodies like the Moon, it is possible that previous generations of melts may be
incorporated in a newly assembled IMB and have their K-Ar systematics variably
affected, ranging from unreset to fully reset depending on the duration and magnitude
of the heating they experience. Incremental heating 40Ar/39Ar analyses of mixed
generations of impact melts and/or partially degassed materials typically yield dates
that are difficult to interpret, though evidence for multiple impact events may still be
recovered from some samples (for example, Wang et al., 1980).
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One approach to enable more robust interpretations of 40Ar/39Ar data involves
dating small masses of material (on the order of micrograms or less) in petrographic
context. Some early work using this strategy involved the use of infrared (IR) lasers
to heat and melt small sample volumes to explore apparent age variations over spatial
scales of a few hundred micrometers (Eichhorn et al., 1978; Eichhorn et al., 1979;
Müller et al., 1977; Plieninger and O. A. Schaeffer, 1976). However, IR lasers can
cause considerable collateral heating of material adjacent to the area under the laser
beam (Hames and K. V. Hodges, 1993; Kelley et al., 2009), making it difficult to
reliably quantify the exact volume of the sample that contributed gas to the analysis.
If distinct generations of melt or relict clasts are present within the collateral heating
zone, anomalous dates may be obtained. In an effort to avoid this problem, Cohen
et al. (2005) successfully used a 100-mm diameter microcorer to physically extract
small aliquots from impact melt clasts in lunar meteorites before 40Ar/39Ar dating.
By combining petrologic data with their 40Ar/39Ar dates, they were able to infer
that at least six to nine distinct impact events were represented in the population
of melt clasts sampled from only four meteorites. Another alternative, which can
sometimes provide even higher spatial resolution, is to use pulsed ultraviolet lasers
to ablate, rather than melt, small volumes of a polished sample (Kelley et al., 1994).
Experimental and theoretical work has shown that ultraviolet lasers with short pulse
durations (for example, ≤5 ns) produce very little collateral heating and consequent
diffusive loss of helium in apatite (Kelley et al., 2009; van Soest et al., 2011), implying
that the collateral loss of argon (which is significantly less diffusive than helium) is
negligible.
Our data for Apollo 17 IMBs were obtained using the UVLAMP method (Kelley
et al., 1994). Sample 77115 is a “blue-gray,” poikilitic, clast-rich IMB that was collected
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from the Station 7 boulder located at the base of the North Massif during the Apollo
17 mission to the Taurus-Littrow Valley. The Station 7 boulder consists of several
distinct lithologies, including a large noritic clast (sample 77215) that is cut by dark
veinlets (77075), which are continuous with the blue-gray breccia, and a “green-gray”
fragment-laden IMB (77135) that is in contact with the blue-gray lithology (W. R.
Muehlberger et al., 1973; Schmitt, 1973; Winzer et al., 1974). Despite the continuity of
the blue-gray breccia and the dark veinlets, Stettler and co-workers (1974; 1975; 1978)
found 77075 to be older than 77115, leading them to suggest that the blue-gray breccia
was partially degassed when the younger green-gray breccia (77135) was emplaced.
Here, we have focused our attention on thin sections of the blue-gray matrix of 77115.
The conventional 40Ar/39Ar dates reported in the 1970s (Stettler et al., 1975; Stettler
et al., 1978) for clast-rich and clast-poor fragments of 77115 range from 3.902 ±
0.048 Ga to 3.796 ± 0.039 Ga (Table S3.1) when they are recalculated using modern
values for 40K decay parameters and the irradiation monitor age (see Supplementary
Materials and Methods). (Throughout this paper, all dates are reported at the 2σ, ca.
95 % confidence level unless otherwise noted.)
Sample 73217 is a polymict impact melt rock that was collected at Station 3 from
the rim of a small crater in the landslide material from the South Massif (Ryder,
1993a). Petrologic studies of a variety of fragments from this sample have identified
multiple distinct breccia types (with generally aphanitic and partly glassy matrices)
that have been interpreted to record a prolonged and complex history of crystallization,
brecciation, and impact (for example, Crawford, 1975; Huber and Warren, 2008; Ishii
et al., 1983). A combined zircon U/Pb date of 4.356+0.023−0.014 Ga was interpreted by
Compston et al. (1984) to be the crystallization age of a gabbronorite clast, and they
observed slight Pb loss for some zircon grains that they attributed to one or more
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thermal events as young as 1.1 Ga. Ion microprobe U/Pb dates for apatite, merrillite,
and three distinct morphological types of zircon from a different section of this sample
were interpreted by Grange et al. (2009) to represent two impact events at 4.335 ±
0.005 Ga and 3.934 ± 0.012 Ga (ca. 95 % confidence level).
3.3 Results
Backscattered electron (BSE) image mosaics of the ca. 100-mm-thick sections
that we studied (77115,121 and 73217,83) are shown in Fig. 3.1, along with x-ray
elemental maps of thin section 73217,84, which was prepared as a facing section to
73217,83. The section 77115,121 is a vuggy IMB with a very fine-grained crystalline
matrix consisting largely of neoblastic plagioclase and pyroxene in a micropoikilitic
texture, with scattered olivine grains and ilmenite throughout. This matrix contains
abundant xenoclasts of anorthosite, norite, and dunite and xenocrysts of their mineral
constituents that are up to ca. 3 mm in size (Fig. 3.1 (A)). In contrast, sections 73217,83
and 73217,84 contain three distinct breccia domains (Fig. 3.1 (, B to D)): (1a) a medium-
grained noritic anorthosite assemblage with plagioclase grains up to millimeters in
size and orthopyroxene grains up to ca. 750 mm in size; (1b) a fine-grained brecciated
equivalent of domain 1a; (2) a clast-rich, quartz-clast bearing gabbronoritic melt
breccia with a potassic, glassy matrix and a phosphate-rich composition that is more
ferroan than domain 1; and (3) a very fine-grained, clast-poor crystalline noritic melt
breccia containing abundant plagioclase and low-Ca pyroxene. Domain 3 also has a
potassic matrix, but it is generally less concentrated than those of domains 1b and 2.
Both domains 2 and 3 appear to be quartz-normative. Detailed petrography of the
















Figure 3.1. BSE image mosaics and x-ray elemental maps of the studied sections of 77115
and 73217. White dashed lines mark the lithologic boundaries of domains 1, 2, and 3 in the
sections of 73217 (B to D). (A) BSE mosaic of 77115,121 with the locations and dimensions
of UVLAMP melt analyses shown as red circles. (B) BSE mosaic of 73217,83 with the
locations and dimensions of UVLAMP melt analyses in domains 1 (yellow), 2 (blue), and 3
(red). The coarse-grained region in the upper right is a gabbroic granulite. (C) Combined
x-ray elemental map of Al-Mg-Fe (R-G-B) in 73217,84 (the thin section facing 73217,83).
Plagioclase grains are generally red, pyroxenes and olivines are green, and ilmenite is blue;
the black elongate grain in domain 2 is quartz. (D) X-ray elemental map of K in 73217,84;
arrows denote the apparent enrichment of K in domain 3. See the text for descriptions of
domains labeled 1a, 1b, 2, and 3 in (B) to (D). Scale bars, 1 mm.
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77115,121 Melt (n = 15)
Age: 3.834 ± 0.020 Ga
40Ar/36Ar intercept: 120 ± 200
MSWD = 1.01, Probability = 0.44










Figure 3.2. UVLAMP 40Ar/39Ar results for 77115,121. (A) Summed PDP of melt dates
(red) with individual dates depicted as small red circles above. The gray region represents
the range of dates obtained for clasts in 77115,121. (B) Isotope correlation plot of 40Ar/36Ar
versus 39Ar/36Ar and linear regression (dashed line) for melt analyses in 77115,121. The inset
figure is an enlarged plot of the boxed region near the origin. The data have been corrected
for the presence of nucleogenic and cosmogenic isotopes (see Materials and Methods for
details). Error ellipses and uncertainties are all 2σ.
the boundaries. For example, domain 1b near the boundary is enriched in potassium,
and the enrichment zone in places appears to extend into domain 3 (Fig. 3.1 (D)).
The elevated potassium content of the melt materials in domains 1 to 3 is unusual
for Apollo 17 impact melts, implying target materials that are distinct from those of
other impact-melted targets for samples collected in the Taurus-Littrow Valley.
We used the UVLAMP system to target 15 small melt volumes and 11 monomin-
eralic and lithic clasts for 40Ar/39Ar dating in 77115,121 (Fig. 3.1 (A), Fig. S3.1, and
Table S3.2). Although the analytical uncertainties of individual dates are relatively
large as a consequence of the small material volumes ablated, the population of melt
dates constitute a single major mode on a probability density plot (PDP; Fig. 3.2
(A)). When plotted on an isotope correlation diagram (Fig. 3.2 (B)), these 15 melt
analyses form an isochron with a date of 3.834 ± 0.020 Ga [mean squared weighted
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deviation (MSWD) = 1.01]. Analyses of clasts in 77115,121 yielded considerably older
dates, ranging from 4.23 ± 0.25 Ga to 3.892 ± 0.067 Ga (Table S3.2). Note that a few
of the melt dates have probability density distributions that overlap those of the clast
population, potentially indicating that the ablation volumes may have been contami-
nated by small amounts of clast material that was undetected during the targeting
process (see Supplementary Materials and Methods). However, given the value of the
MSWD for the isochron (1.01) and because there are no clear visual indications for
clast contamination from an inspection of the laser pits under a microscope, there
is no strong statistical or observational basis for identifying and rejecting potential
outliers in the regression.
During UVLAMP analyses of 73217,83, we targeted 13 melt volumes in domain
1, 10 melt volumes in domain 2, 40 melt volumes in domain 3, and 8 clasts within
domains 2 and 3 (Fig. 3.1 (B), Fig. S3.2, and Table S3.3). Represented on a PDP,
the populations of 40Ar/39Ar dates from the three domains and clasts are distinct and
span a range from ca. 4.0 to 3.2 Ga (Fig. 3.3 (A)). One population of clast dates
range from 3.788 ± 0.088 Ga to 3.721 ± 0.052 Ga, whereas a second group of clast
dates range from 3.973 ± 0.019 Ga to 3.902 ± 0.030 Ga. Both sets of clasts are older
than the melt matrixes of their host breccia domains (Fig. S3.2 and Table S3.3). All
13 melt analyses from domain 1 form an isochron with a date of 3.808 ± 0.013 Ga
(MSWD = 0.86; Fig. 3.3 (B)). Note that the PDP for domain 1 has a minor mode
that overlaps the younger population of clast dates and a minor mode in the PDP of
domain 3 dates (Fig. 3.3 (A)). Although this minor mode in domain 1 may represent
some analyses that incorporated mixed materials, we found no visual evidence for this
during our inspection of the ablation pits (see Supplementary Materials and Methods).
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73217,83 Domain 3B (n = 5)
Age: 3.273 ± 0.027 Ga
40Ar/36Ar intercept: 260 ± 360
MSWD = 0.41, P = 0.74
73217,83 Domain 3A (n = 13)
Age: 3.628 ± 0.027 Ga
40Ar/36Ar intercept: -420 ± 610
MSWD = 0.58, P = 0.85



















73217,83 Domain 2 (n = 9)
Age: 3.664 ± 0.021 Ga
40Ar/36Ar intercept: -300 ± 850
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73217,83 Domain 1 (n = 13)
Age: 3.808 ± 0.013 Ga
40Ar/36Ar intercept: 20 ± 430
MSWD = 0.86, P = 0.58
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Figure 3.3. UVLAMP 40Ar/39Ar results for 73217,83. (A) Summed PDP of the dates
for the three melt domains with individual dates depicted as small colored circles above
(yellow, domain 1; blue, domain 2; red, domain 3). Vertical gray bars indicate ranges of two
populations of clast dates from 73217,83. The vertical dashed lines indicate U/Pb dates for
zircons and phosphates from another section of 73217 interpreted by Grange et al. (2009)
to represent impact melting events. (B to D) Isotope correlation plots of 40Ar/36Ar versus
39Ar/36Ar with linear regressions shown as dashed lines. Inset figures are enlarged plots of
the boxed regions in their parent figures. The data have been corrected for the presence of
nucleogenic and cosmogenic isotopes (see Materials and Methods for details). Error ellipses
and uncertainties are all 2σ. (B) Isotope correlation plot for analyses in domain 1. (C)
Isotope correlation plot of domain 2 analyses. Note: The one analysis that was rejected as
an outlier is not shown (see the text for details). It would plot below the regressed line, up
and to the right outside of the present bounds. (D) Isotope correlation plot of domain 3
data. Points shown as dark red ellipses were selected from mode 3A of the PDP (see the
text for details) and regressed (upper line) to constrain the upper bound of the range of
apparent ages measured for domain 3. Points shown as light red ellipses were selected from
mode 3B of the PDP and regressed (lower line) to constrain the lower bound of the range of
apparent ages for domain 3. The locations of the analyses that constitute modes 3A and 3B
are shown in Fig. S3.2. All other data are shown as unfilled ellipses.
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Also, because the MSWD is near unity, we find no statistical basis for identifying and
rejecting potential outliers in the regression.
Regressing all 10 analyses from domain 2 yields a date of 3.644 ± 0.020 Ga with a
relatively poor MSWD of 2.07 (P = 0.036). Because the MSWD is larger than expected
for a linear regression of n = 10 points (see Supplementary Materials and Methods),
we could expand the uncertainty by
√
MSWD to obtain a conservative uncertainty of
0.028 Ga (York et al., 2004). This commonly used approach to handling geochronologic
data sets with excess dispersion assumes that all analyzed pit volumes have been in
isotopic equilibrium since the domain 2 melting event, and that the relatively poor
MSWD simply reflects an underestimation of the analytical imprecision of the analyses.
We also explored an alternative approach that used the Hampel identifier with a
conservative threshold value of 6 to select potential outliers for rejection from the
regression (Pearson, 2011) (see Statistical Analysis section of Supplementary Materials
and Methods for details). This approach identified a single outlier (analysis 652-04),
which represents the youngest date from domain 2 (Table S3.3). Inasmuch as the
material analyzed for 652-04 may have experienced some 40Ar loss due to a later
thermal event or events (see below), we could omit this analysis from the domain 2
regression exercise to obtain an isochron date of 3.664 ± 0.021 Ga and a good MSWD
of 0.88 (Fig. 3.3 (C)). Note that the
√
MSWD error expansion technique and the
Hampel outlier identifier approach yield statistically indistinguishable age estimates
for the primary domain 2 melting event, but we regard the 3.664 ± 0.021 Ga estimate
as more likely correct in this instance.
The population of 40Ar/39Ar dates for domain 3 is complex, with at least five
distinct modes of apparent ages spanning a period of several hundred million years
(Fig. 3.3 (A)). The oldest minor mode in the domain 3 PDP is defined by three sample
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volumes with model dates that overlap the younger population of clast dates for the
sample as well as a minor mode in the PDP of domain 1 dates. This most likely
represents contamination of these melt volumes by older clasts or domain 1 melt that
was encountered at depth during laser ablation but was not observed in microscopic
examination of the 73217,83 section. The highest-frequency mode for the domain
(labeled 3A in Fig. 3.3 (A)) is at 3.609 ± 0.012 Ga based on the error-weighted mean
of 13 analyses with individual dates that overlap the peak within 3σ (see Statistical
Analysis section of Supplementary Materials and Methods for details). Similarly,
the youngest mode (labeled 3B in Fig. 3.3 (A)) has an error-weighted date of 3.281
± 0.023 Ga based on five analyses that overlap the peak within 3σ. (The analyses
selected from modes 3A and 3B are specified in Table S3.3, and their locations are
designated in Fig. S3.2.) However, these estimates are based on the individual dates
that contribute to modes 3A and 3B where we have assumed a value of 40Ar/36Ar
= 1 ± 1 (1σ) for “trapped” lunar argon. One advantage of calculating isochron
dates is that a 40Ar/36Ar value does not need to be assumed (note that all of the
isochron regressions for 77115,121 and 73217,83 yielded 40Ar/36Ar intercepts that are
statistically indistinguishable from the value 1 ± 1; Figs. 3.2 and 3.3). We therefore
used the same analyses that were selected for the above estimates based on their
overlapping the peaks of modes 3A and 3B, and regressed them to determine isochron
dates (Fig. 3.3 (D)). Note that the selected points and regressed lines bracket the
complete set of domain 3 data in the isotope correlation diagram except for the three
analyses that lie above the regression line for 3A. These three points correspond to
the analyses in the oldest minor mode in the PDP, which we suspect may have been
contaminated by the incorporation of older materials. The bracketing isochrons yield
dates of 3.628 ± 0.027 Ga for mode 3A (MSWD = 0.58) and 3.273 ± 0.027 Ga for
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mode 3B (MSWD = 0.41). These are our preferred estimates for the dates bracketing
the observed range of apparent ages in domain 3 exclusive of the three potentially
contaminated analyses.
3.4 Discussion
Sample 77115 is a good example of an IMB with a relatively simple history.
From petrographic observations, the crystalline matrix appears to represent a single
generation of impact melt. This interpretation is supported by the isotopic data
because the UVLAMP 40Ar/39Ar dates form a single population, and so we interpret
the 3.834 ± 0.020 Ga isochron date to represent the age of the impact event responsible
for all of the melt analyzed in this subsample of 77115. This date is statistically
indistinguishable from two of the three dates reported by Stettler et al. (1975) and
Stettler et al. (1978) for the blue-gray matrix of 77115 (Table S3.1). The older
dates (ranging from 4.23 ± 0.25 Ga to 3.892 ± 0.067 Ga) for the clasts in 77115,121
likely reflect varying degrees of partial resetting rather than the timing of primary
crystallization.
Petrologic observations of our sections of 73217 indicate three distinct melt breccia
domains based on differences in modal mineralogy, grain size, and geochemistry
(Fig. 3.1 (B–D)). However, the textural relationships between the different domains do
not provide direct constraints on their relative ages. For example, x-ray elemental maps
of the thin section 73217,84 show evidence of potassium enrichment in domains 1b and
3 near domain 2 (Fig. 3.1 (D)), which could reasonably be interpreted as an indication
that K-rich domain 2 is younger, and might be the youngest melt in 73217,83. In light
of the UVLAMP data, we prefer an alternative explanation: that the K-enrichment
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in domain 1 is indeed related to the injection of K-rich domain 2 melt, but that the
marginal K-enrichment of domain 3 melt reflects partial assimilation of portions of
domain 2 and the intervening selvage of domain 1b. This insight underscores the value
of integrating petrographic and geochronologic work when establishing the geologic
history of complex breccias.
Using our petrographic observations, we grouped the UVLAMP 40Ar/39Ar dates
into separate populations corresponding to the three different breccia domains. We
interpret the 3.808 ± 0.013 Ga isochron date as the probable age of the impact that
generated domain 1 melt. Similarly, we take the isochron date of 3.664 ± 0.021 Ga
(determined after rejecting analysis 652-04 as a probable outlier) as the best estimate
for the age of the melting event that formed the domain 2 breccia. The data for domain
3 cannot be interpreted uniquely. In one viable scenario, the analyses that constitute
mode 3A in the PDP (Fig. 3.3 (A)) could represent an impact event that initially
formed the domain 3 melt at 3.628 ± 0.027 Ga, and mode 3B could represent a second
impact event at 3.273 ± 0.027 Ga (see Fig. S3.2 for the locations of analyses that
constitute modes 3A and 3B). Alternatively, whereas mode 3A may reflect the time
of initial domain 3 melting, mode 3B may represent a later thermal event (likely due
to an impact) that preferentially degassed some regions of domain 3 and presumably
some regions of domains 1 and 2. In this case, the mode 3B date must be viewed
as a maximum age for the thermal event. A third possible scenario derives from the
observation that the probable age of domain 2 melt (3.664 ± 0.021 Ga) marginally
overlaps the date for mode 3A (3.628 ± 0.027). It is plausible that the domain 3 melt
was formed penecontemporaneously with domain 2 melt, but was more susceptible to
partial degassing by a later thermal event (with a maximum age indicated by mode
3B). This possibility is not unreasonable because the matrix of domain 3 is generally
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slightly more fine-grained than that of domain 2. Whichever of these alternative
interpretations are correct, the UVLAMP data from a single 8.5 mm × 9 mm section
of 73217 record evidence for at least three distinct impact events: one at ca. 3.81 Ga
that formed the domain 1 melt, a second at ca. 3.66 Ga that formed the domain 2
melt (and possibly the domain 3 melt), and a third that is ≤3.27 Ga.
Most published 40Ar/39Ar dates for lunar materials were obtained through in-
cremental heating studies of melt breccia samples large enough to be aggregates of
melts and preimpact clasts. With its high spatial resolution, the UVLAMP 40Ar/39Ar
method offers an important complementary way to date impact melts that is especially
useful for polygenetic IMBs. Our limited data set confirms that the impact histories
of lunar IMBs are very complex, even on the scale of a single 8.5 mm × 9 mm thin
section, making it challenging to determine the ages of major basin-forming events
unambiguously from these materials. A reasonable tactic for interpreting complex
data sets is that the oldest direct dates for abundant melt components—ca. 3.83
Ga to 3.81 Ga for the two samples discussed here—represent the major impact melt-
forming event in the samples’ source area, whereas younger dates likely represent
subsequent, localized impacts. (We interpret the rare, older impact melt minerals
studied by Grange et al. (2009) in 73217 to be xenocrysts that survived the impact
event responsible for the primary melt in 73217 without having their Pb isotopic
systematics compromised.) We suspect that many more dates will be required to
better refine the ages of the melt-forming events in the source region (or regions) of
the Apollo 17 sample archive, particularly for texturally complex, polygenetic IMBs,
but the initial data presented here provide some important insights.
Lunar Reconnaissance Orbiter Camera images of the Sculptured Hills of the Taurus
Highlands suggest that the source regions of samples returned from the Apollo 17
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mission may be dominated by Imbrium basin ejecta rather than Serenitatis basin
ejecta (Spudis et al., 2011), a hypothesis that was suggested by some early workers
based on the distributions of impact melt dates for IMBs collected at the Apollo 14,
16, and 17 landing sites (for example, G. A. Schaeffer and O. A. Schaeffer, 1977) and
on the basis of basin ejecta theory and modeling (for example, Haskin et al., 1998).
A ca. 3.83 to 3.81 Ga age for primary melt solidification in samples 77115,121 and
73217,83, broadly consistent with several previous estimates of the age of the Imbrium
basin (for example, Dalrymple and Ryder, 1993; Fassett and Minton, 2013; Norman
et al., 2010), would support this hypothesis, although we acknowledge that others (for
example, Liu et al., 2012; Stadermann et al., 1991) have suggested both somewhat
younger and somewhat older ages for the Imbrium event. Published estimates for
the age of the Serenitatis basin (for example, Dalrymple and Ryder, 1996; Grange
et al., 2009; Stöffler et al., 2006) are uniformly older than the oldest major melt
components analyzed here. Note that our results do not necessarily preclude the
interpretation by Grange et al. (2009) that one group of zircons and phosphates found
in 73217 crystallized from melts produced by the Serenitatis basin-forming impact
at ca. 3.93 Ga. Because the Imbrium basin impinges upon the rim of Serenitatis,
it is plausible that melt products originally present in the Serenitatis ejecta sheet
were later incorporated as components in breccias assembled during the Imbrium
basin-forming event. Finally, the apparent age of the youngest impact event recorded
by 73217,83 (≤3.27 Ga) is interesting in light of the finding of Shuster et al. (2010)
that a significant ca. 3.3 Ga impact event affected the Apollo 16 landing site, perhaps
indicating a regionally significant impact flux at that time.
Recently, M. Sharp et al. (2014) reported highly siderophile element (HSE) analyses
for a variety of poikilitic and aphanitic Apollo 17 impact melts and interpreted
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similarities in HSE concentrations to imply that either a single impactor was responsible
for all Apollo 17 impact melts or multiple impactors contributed to a single dominant
HSE signature in the melts. Although we did not analyze the same samples for which
HSE abundances were reported, our data and those of Grange et al. (2009) support
the second hypothesis rather than the first, consistent with the fact that the HSE
signature identified by Sharp et al. is different from that of any of the known meteorite
groups.
Evidence for marked inter- and intrasample variability in the preserved impact
record of the Moon has important implications for the design of sampling and sample
analysis strategies for materials returned from future human and robotic exploration
missions in the inner Solar System. If a few small samples must be returned from
exploration targets, breccia samples with visual evidence of a polygenetic origin (such
as 73217) should be regarded as high-value opportunities. Through the application of
multiple chronometers, using a methodology that integrates bulk and microanalytical
procedures such as UVLAMP, individual polygenetic breccias may yield remarkable
insights into the complex impact history of planetary regoliths.
3.5 Materials and Methods
Polished ca. 100 µm -thick (“thick”) sections and corresponding polished ca. 32
µm -thick (“thin”) sections were prepared for each of the samples 77115 and 73217
using special procedures at NASA Johnson Space Center in that they were mounted
in cyanoacrylate rather than organic epoxy for polishing. This change was necessary
to prevent the introduction of organic compounds into the mass spectrometer during
40Ar/39Ar analysis. BSE images were obtained for all sections using the JEOL JXA-
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8200 electron microprobe at Washington University in St. Louis operated with a
15-kV accelerating potential and a 10-nA beam current, and x-ray element maps were
made of the thin sections to aid in planning UVLAMP analytical campaigns for the
corresponding thick sections. Small portions (ca. 9 × 9 mm) of the thick sections were
shielded in cadmium and irradiated for ca. 203 hours in the medium-flux positions at
the McMaster University reactor in Hamilton, Canada, along with the age monitor
PP20 (1078.9 ± 4.6 Ma, 1σ; see Supplementary Materials and Methods for additional
details), and CaF2 salts and kalsilite glass to determine interfering nuclear production
ratios.
Laser microprobe 40Ar/39Ar analyses were conducted at Arizona State University
using a NewWave Research UP193X ultraviolet (193 nm) ArF pulsed laser to create 70-
to 200-µm -diameter near-cylindrical pits with typical depths between 16 and 38 mm.
The extracted gas was purified and equilibrated into a high-sensitivity multicollector
mass spectrometer (Noblesse, Nu Instruments) equipped with a Nier-type source and
zoom optics to measure argon isotopes. Measurements were corrected for detector
baselines, bracketing measurement blanks, instrument mass discrimination, interfering
“nucleogenic” isotopes produced during irradiation, the decay of 39Ar and 37Ar after
irradiation, and cosmogenic isotope production in the lunar environment. Summaries
of our laser microprobe 40Ar/39Ar data are available in Tables S3.2 and S3.3.
Model dates were calculated for individual analyses assuming a value of 40Ar/36Ar =
1± 1 (1σ) for trapped lunar argon and represented on PDPs (Fig. 3.2 (A) and Fig. 3.3
(A)). The 40Ar/39Ar data for distinct melt breccia domains from each sample were also
plotted on isotope correlation, or “isochron,” diagrams with axes of 40Ar/36Ar versus
39Ar/36Ar (after correction for the presence of nucleogenic and cosmogenic isotopes).
Linear regression analyses of these data were performed using the method of York
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et al. (2004). The goodness of fit of the regressions was evaluated using the MSWD of
the data about the best-fit line (Wendt and Carl, 1991). See Supplementary Materials
and Methods for additional details.
3.6 Supplementary Materials and Methods
3.6.1 Sample Preparation, Characterization, and Irradiation
Polished ca. 100 µm -thick (“thick”) sections and corresponding polished ca. 32
µm -thick (“thin”) sections were prepared from the parent samples 73217,58 and
77115,114 at NASA Johnson Space Center. Special procedures were used in that
the samples were mounted in cyanoacrylate, rather than epoxy, for polishing. This
procedural change was necessary because the cyanoacrylate can be readily removed
using acetone after sample characterization, thereby eliminating the possibility of
introducing organic compounds into the laboratory ultrahigh vacuum system during
laser extraction of gasses and compromising the argon isotopic analysis. The thick
sections are designated 73217,83 and 77115,121, and the thin sections are 73217,84 and
77115,122. The sections were initially carbon coated (ca. 15 nm) and characterized
at Washington University in St. Louis (WUSTL) using a JEOL JXA-8200 electron
microprobe (EMP) operated with a 15 kV accelerating potential and a 10 nA beam
current. We obtained individual and mosaic backscattered electron (BSE) images of
all sections, and created wavelength dispersive spectrometer (WDS) elemental x-ray
maps (Fig. 3.1) of the thin sections to evaluate their compositional diversity and
textures in support of our laser ablation campaigns for each thick section. In the case
of sample 73217, the BSE and WDS elemental maps of both sections (,83 and ,84) were
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particularly useful in identifying distinct impact melt breccia domains based on their
modal mineralogy, grain size distribution, grain shape, and chemical composition.
Subsequent sample preparation and laser microprobe 40Ar/39Ar analyses of the
thick sections were performed in the Group 18 Laboratories at Arizona State University.
The carbon coatings were removed using a South Bay Technology PC-2000 Plasma
Cleaner with a pure oxygen plasma, and regions appropriate for 40Ar/39Ar analyses,
measuring ca. 8.5 × 9 mm and ca. 8 × 9mm, were demarcated on the surfaces of
73217,83 and 77115,121, respectively, using a diamond-tipped scribe and straightedge.
The samples were liberated from their glass slides using an acetone bath to dissolve
the cyanoacrylate, and were cleaned in acetone, methanol, and finally rinsed with
deionized water. After drying at low temperature under a heat lamp, the outlined
regions were separated from each section by repeatedly scoring along the previous
guide marks using a diamond-tipped scribe. We designate these fragments, for which
we report 40Ar/39Ar data here (Tables S3.2 and S3.3), as 73217,83,1 and 77115,121,1.
The isolated fragments were individually wrapped in aluminum foil packets and
loaded into small aluminum disks that were stacked and secured together to make up
the irradiation package. Grains of the mineral age-standard PP20 (1078.9 ± 4.6 Ma,
1σ; see the Recalculation of Literature Data section for details), which is identical to
the hornblende Hb3gr age standard (Jourdan et al., 2006), were interspersed regularly
in the aluminum disks with the samples to monitor the neutron flux gradient, and
kalsilite and CaF2 salts were added to determine interfering nuclear production ratios
(values given in the Data Reduction section). The sample package was Cd shielded
and irradiated with fast neutrons for ca. 203 hours (Table S3.4) in the medium-flux
positions of the McMaster University nuclear reactor, Hamilton, Ontario, Canada.
After the samples were returned to ASU, individual grains of the PP20 age standard
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were loaded into a 61 mm diameter aluminum palette containing a series of 2 × 2 × 2
mm holes. The palette and a glass coverslip were loaded into an ultra-high vacuum
4.5 inch laser chamber with a Kovar viewport and baked at 120 ◦Cfor one day and
then turbo pumped for one day to remove adsorbed atmospheric argon from the
samples and chamber walls. A 60 W IPG Photonics infrared (970 nm) diode laser,
with computer-controlled Photon Machine optics and x-y-z stages linked to a Newport
controller, was fired at 5, 8, and 15 W in two-minute heating steps using a 0.6 mm
beam diameter. The laser system was fitted with a camera and a light source for
sample illumination and x-y-z stage calibration.
3.6.2 Laser Ablation and Mass Spectrometry
Samples 73217,83,1 and 77115,121,1 were loaded into a 27 mm-diameter aluminum
palette containing three 9 × 9 mm shallow pits, and square aluminum rings were placed
into each hole to hold the samples in place around their edges. The palette and a 193
nm-grade fused silica coverslip were loaded into an ultra-high vacuum 2.75 inch laser
chamber with a 193 nm-grade fused silica viewport and baked at 120 ◦Cfor one day
and then exposed to an ultrahigh vacuum (maintained by a turbomolecular pump) for
two days to remove adsorbed atmospheric argon from the samples and chamber walls.
40Ar/39Ar analyses were conducted using a New Wave Research UP193X ultraviolet
(193 nm) ArF pulsed (<5 ns-duration) laser with a homogenized beam. The laser
was operated with a minimum output energy of 8 mJ, a pulse frequency of 10–15
Hz, and the laser z-focus was continuously adjusted downward during ablation to
create 70–200 µm -diameter near-cylindrical pits with typical depths between 16–38
µm . Target locations (Figs. S3.1 and S3.2) were determined with reference to the
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BSE and X-ray chemical maps produced at WUSTL to target glassy and crystalline
impact melt separately from inherited xenocrystic and xenolithic material within
distinct petrographic domains. As part of our effort to avoid potentially incompletely
reset materials while targeting impact melt materials, and to maximize the analytical
precision in relatively K-poor regions, we often collected the gas released from multiple
pits ablated in close proximity to one another and analyzed it as a single combined
aliquot.
We used an ADE Phase Shift MicroXAM white light interferometric profilometer
to estimate the total ablated volumes for each 40Ar/39Ar analysis (Tables S3.2 and
S3.3). All ablation pits were visually inspected following 40Ar/39Ar analyses under
a microscope to identify whether buried xenocrysts, xenoclasts, or void spaces, not
apparent at the sample surface during the targeting process, had been inadvertently
sampled during ablation. Any analyses for which there was such visual evidence were
treated as ‘contaminated’ by clast material, and were therefore not included in the
populations of melt dates shown in Figs. 3.2 and 3.3. Note that the dimensions (pit
diameter and depth) of the ablated volumes were always greater than the grain size
of the target melts in 77115,121 and 73217,83 (Figs. 3.1 (A–B), S3.1, and S3.2). It
is plausible that incompletely reset clasts with dimensions smaller than the ablated
volume may have contributed some of the gas to some of the ablation volumes, in
which case the corresponding dates may reflect mixing rather than actual melt ages.
Such dates may define minor modes in the probability density plots (Figs. 3.2 (A) and
3.3 (A)).
During each analysis the laser was fired for one to two minutes, and the extracted
gas was purified for an additional two minutes using two SAES NP10 getter pumps
(one operated at 400 ◦Cand one at room temperature) to remove reactive gasses. The
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purified gas was equilibrated into a high-sensitivity multi-collector mass spectrometer
(Nu Instruments Noblesse) equipped with a Nier-type source, operated with a trap
current of 400 µA, and zoom optics. Argon isotopes were measured using one Faraday
detector (fitted with a 1× 1011 Ohm resistor) and one ETP ion counting multiplier.
Depending on the signal size, the 40Ar peak was measured using either the Faraday
or ion counting multiplier detector (see the Data Reduction section below for details
on detector intercalibration), and the 39Ar, 38Ar, 37Ar, and 36Ar peaks were always
measured using one ion counting multiplier. The isotopes 40Ar, 39Ar, 38Ar, and 37Ar
were measured 15 times per cycle, and 36Ar was counted 30 times per cycle, for 10
cycles per isotope. The operation of automated valves and data acquisition were
computer controlled using Alan Deino’s MassSpec software.
3.6.3 Data Reduction
The best-fit signal evolution functions for all of the isotopes measured during
analyses of blanks, air pipette shots, standards, and unknowns were extrapolated
back to the time the gas was expanded into the source of the mass spectrometer.
Operational blanks were measured at the beginning and end of each day, and between
every 4–6 unknown analyses. The average blanks for one minute of lasing were:
(1.0102±0.0097)×10−16 moles 40Ar, (1.38±0.40)×10−18 moles 39Ar, (1.31±0.21)×10−19
moles 38Ar, (2.81 ± 0.22) × 10−18 moles 37Ar, and (5.83 ± 0.64) × 10−19 moles 36Ar;
the average blanks for two minutes of lasing were: (1.32± 0.14)× 10−16 moles 40Ar,
(1.76± 0.49)× 10−18 moles 39Ar, (1.52± 0.25)× 10−19 moles 38Ar, (2.99± 0.33)× 10−18
moles 37Ar, and (7.10± 0.94)× 10−19 moles 36Ar (all blank uncertainties are reported
at 1σ). Air pipette shots were regularly analyzed to allow for Faraday/ion counting
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multiplier intercalibration of the 40Ar peak on the Faraday detector and to measure
mass discrimination as described by Turrin et al. (2010). The Faraday and ion
counting multiplier detectors were intercalibrated using the ‘beam intensity ratio’
method (Turrin et al., 2010), where the beam intensity of 40Ar from an air pipette shot
is analyzed on both detectors and the ratio of the extrapolated intercepts (at the gas
inlet time) is taken as the intercalibration factor. The average signal-to-blank ratios
for 40Ar, 39Ar, and 36Ar were ca. 72, 9.8, and 3.5 for one minute of lasing, respectively,
and ca. 61, 8.1, and 3.4 for two minutes of lasing, respectively.
Unknown analyses were corrected for ion-counting and Faraday detector baselines,
bracketing measurement blanks, instrument mass discrimination, interfering isotopes
produced during irradiation, the decay of 39Ar and 37Ar following irradiation, and
cosmogenic isotope production in the lunar environment. Reactor produced Ar isotopes
from Ca and K were monitored with CaF2 salts and kalsilite glass, yielding the following
correction factors and 1σ uncertainties: (39Ar/37Ar)Ca = (7.2820 ± 0.0086) × 10−4,
(38Ar/37Ar)Ca = (3.532 ± 0.025) × 10−4, (36Ar/37Ar)Ca = (3.0200 ± 0.0040) × 10−4,
(40Ar/39Ar)K = (1.97 ± 0.65) × 10−2, (38Ar/39Ar)K = (1.2774 ± 0.0032) × 10−2. We
corrected for the decay of 37Ar and 39Ar after the extended multistep irradiation at the
McMaster reactor (Table S3.4) using the method of Wijbrans and McDougall (1987)
and the decay constants λ39 = 2.58×10−3 a-1 and λ37 = 1.98×10−2 day-1 (Stoenner et
al., 1965). We treated trapped 38Ar and 36Ar to be a mixture of cosmogenic (38Ar/36Ar
= 1.54; Wieler, 2002) and solar (38Ar/36Ar = 0.187; Nier, 1950) components.
Analyses of the PP20 monitor mineral were corrected for ion-counting and Faraday
detector baselines, bracketing measurement blanks, instrument mass discrimination,
interfering isotopes produced during irradiation, the decay of 39Ar and 37Ar following
irradiation, and terrestrial atmosphere using the value (40Ar/36Ar)atm = 295.5 (Steiger
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and Jäger, 1977). The values and methods used to correct for reactor-produced
interfering isotopes and the decay of 37Ar and 39Ar are the same as those listed above.
Using an age for PP20 of 1078.9± 4.6 Ma, (1σ; see the Recalculation of Literature
Data section for details), we took the error-weighted mean of 8 analyses to obtain a J
value of 0.0116415± 0.0000124 (1 standard error). Both 73217,83,1 and 77115,121,1
were irradiated in the same aluminum disk as the PP20 grains used to determine this
J value.
To calculate dates for each individual unknown analysis (representing gas released
from one or more ablation pits) we also assumed the lunar 40Ar/36Ar value to be 1± 1
(1σ) to correct 40Ar for trapped argon. We then calculated 40Ar/39Ar dates relative to
the PP20 age monitor (1078.9± 4.6 Ma, 1σ; recalculated from Jourdan et al. (2006)
using the Fish Canyon sanidine (FCs) age of Kuiper et al. (2008); see J value above
and discussion about age recalculations below) using the 40K decay constants of
Steiger and Jäger (1977) (λ = 5.543× 10−10 a-1). 40Ar/39Ar data and individual dates
calculated by this method are shown in Tables S3.2 and S3.3 for 77115,121,1 and
73217,83,1, respectively. We referred to the BSE and WDS x-ray elemental maps of
73217,83 and its facing thin section, 73217,84, to define populations of 40Ar/39Ar dates
corresponding to each of the distinct impact melt breccia domains. The uncertainties
we used to construct the probability density plots of melt dates for 77115,121,1 and
73217,83,1 (Figs. 3.2 (A) and 3.3 (A)) did not include the propagated error in the
irradiation parameter, J . The age uncertainties reported in Tables S3.2 and S3.3,
however, do include the propagated error in J .
An alternative approach to calculating a 40Ar/39Ar date for a population of
UVLAMP analyses is to plot the data on an isotope correlation diagram of 40Ar/36Ar
vs. 39Ar/36Ar to obtain a normal isochron. This does not require an assumption of
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the lunar 40Ar/36Ar value. Note that the data were corrected for interfering isotopes
produced during irradiation, the decay of 39Ar and 37Ar following irradiation, and
cosmogenic isotope production in the lunar environment before being plotted on
isotope correlation diagrams. See the Statistical Analysis section for additional details
on the regression procedure.
3.6.4 Statistical Analysis
Throughout this study we have employed standard statistical methods in reducing
our UVLAMP 40Ar/39Ar data. Here we will briefly discuss our methods for regressing
isochrons, determining the goodness-of-fit, outlier detection, and selecting analyses
that contributed to major modes in the summed probability distributions.
Because points on plots of 40Ar/36Ar vs. 39Ar/36Ar have highly correlated errors
in both x and y, we used the linear regression procedure of York et al. (2004). We
evaluated the goodness-of-fit for each regression using the mean squared weighted
deviation (MSWD) of the data about the regressed line (Wendt and Carl, 1991).
If the MSWD > 1 + 2 · 2/(n − 2) for n data points, then the probability that the
points truly form an isochron is less than 5 % (i.e., P < 0.05; Wendt and Carl, 1991).
This only occurred for the York regression of all 10 analyses of Domain 2 that we
considered ‘melt’ based on petrographic observations of sample 73217,83 before and
after laser ablation. In this instance, we took two approaches: (1) we expanded the
uncertainty on the isochron date by
√
MSWD, which is a commonly used method
that assumes the analytical uncertainties should fully account for the scatter of data
about the regressed line (York et al., 2004); and (2) we used the Hampel identifier to
select potential outliers in the Domain 2 dataset. The Hampel identifier determines
100
the ‘median absolute deviation from the median’ (MADM) scale estimate for each
datum in a set, and points that exceed a threshold value are considered potential
outliers to be considered for rejection. Typical values for the threshold range from
2–6, where a threshold of 6 is considered a highly conservative value and 2 is highly
aggressive in identifying outliers (Pearson, 2011). For measured quantities Xi and Yi
with the absolute uncertainties σXi and σYi , the regression procedure of York et al.
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where ωXi = 1/σ2Xi , ωYi = 1/σ
2
Yi
, ρi is the correlation coefficient between the uncertain-
ties in Xi and Yi, and αi ≡ √ωXiωYi . In effect, Eq. (S3.1) represents the error-weighted
residuals of the measured points Xi and Yi about the model line while accounting for
correlations in the measured uncertainties. Therefore, we determined the value of the
ith term for each point i in the isotope correlation diagram of Domain 2 data and
used the Hampel identifier to select any points with a MADM scale estimate greater
than the conservative threshold value of 6.
Because the population of dates for Domain 3 in 73217,83 is complex and mul-
timodal, we selected subsets of the data to calculate the best estimate dates for
the significant modes (labeled 3A and 3B, Fig. 3.3 (A)) using the following method.
First we determined the locations of the major maxima in the composite probability
distribution. Next, we selected the individual dates that overlapped those modes
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at the 3σ, ca. 99.7 % confidence level (uncertainties did not include the error in J
for this comparison). For the subsets of analyses that overlapped modes 3A and 3B
(Figs. 3.3 (A) and S3.2; see Table S3.3 for selected points), we calculated best-estimate
dates using the method of Renne et al. (1996). Specifically, we first took the error-
weighted mean of the 40Ar*/39ArK values for each sub-population (Table S3.3), and
then calculated a 40Ar/39Ar date and propagated the uncertainty in J . Because this
approach requires an assumption of the lunar 40Ar/36Ar value, we also performed York
regressions for each of the selected subsets of data to calculate isochron dates.
3.6.5 Recalculation of Literature Data
Previously published 40Ar/39Ar dates were recalculated to use the currently pre-
ferred values for the total decay constant of 40K and monitor mineral ages using
the equation of Renne et al. (1998) for a single (n = 1) intercalibration between the








λ0t0 − 1) + 1
]
, (S3.3)
where λ and tstd are the currently preferred values for the total 40K decay constant and
the age of the reference standard, respectively, and λ0 and tstd0 are the corresponding
values that were used to calculate the previously published date, t0. Note, the
intercalibration factor R shown in Eq. 5 by Renne et al. (1998) is equal to (eλ0t0 −
1)/(eλ0tstd0 − 1) in this case. The 40Ar/39Ar dates reported by Stettler et al. (1975)
and Stettler et al. (1978) for the melt matrix of 77115 were all calculated relative to
the 2.650 Ga CC-27 hornblende standard (Stettler et al., 1973) using the total 40K
decay constant derived from the partial decay constants (λ = λβ + λε, where λβ and
102
λε are the partial decay constants that describe the production of 40Ca* and 40Ar* by
beta and electron capture decay of 40K , respectively) of Aldrich and Wetherill (1958).
The age of the CC-27 standard was determined by the K-Ar method using the total
40K decay constant of Aldrich and Wetherill (1958) and the K isotopic abundance
values of Nier (1950).
To recalculate the dates for 77115 published by Stettler et al. (1975) and Stettler













(eλ0t0 − 1) + 1
]
, (S3.4)
where 40Ka, λε, and λ are the currently preferred values for the relative isotopic
abundance of 40K , the electron capture partial decay constant of 40K , and the total
40K decay constant, respectively, and 40Ka0, λε0, and λ0 are the corresponding values
used to calculate the previously reported date, t0. Note that Eq. (S3.4) is a simple
generalization of that used by Dalrymple (1979), and is functionally equivalent to







plays the role of
eλtstd − 1
eλ0tstd0 − 1 ,
an equivalency that may be shown in a simple derivation from first principles. Thus,
we employed Eq. (S3.4) to recalculate the previously reported age of CC-27 (tstd0 =
2.650 Ga; Stettler et al., 1973) using the “old” values of 40Ka0 = 1.19 × 10−4 (Nier,
1950), λεo = 0.585× 10−10 a−1, and λ0 = 5.305× 10−10 a−1 (Aldrich and Wetherill,
1958) and the “new” values of 40Ka = 1.167 × 10−4, λε = 0.581 × 10−10 a−1, and
λ = 5.543 × 10−10 a−1 (Steiger and Jäger, 1977) to obtain tstd = 2.633 Ga. Next,
103
using the above values for tstd0, tstd, λ0, and λ in Eq. (S3.3), we recalculated the five
dates shown in Table S3.1 that were reported by Stettler et al. (1975) and Stettler
et al. (1978) for 77115. Uncertainties were propagated analytically and do not include
uncertainties in the decay constants or the monitor mineral age. Note, we recalculated
the published PP20 (Hb3gr) age of tPP20_0 = 1073.6 ± 4.6 Ma (1σ; Jourdan et al.,
2006), using Eq. (S3.3) to use the FCs age of tFCs = 28.201± 0.012 Ma (1σ; Kuiper et
al., 2008) rather than tFCs0 = 28.02±0.16 Ma (1σ; Renne et al., 1998). The published
age of PP20 was originally calculated using the 40K decay constants of Steiger and




Figure S3.1. Backscattered electron image mosaic of 77115,121,1 with UVLAMP analysis
locations. Same region as in Fig. 3.1 (A), but with all laser pit locations shown. Circles
with crosses indicate ablation volumes that targeted or were contaminated by clast materials.

























































































Figure S3.2. Backscattered electron image mosaic of 73217,83,1 with UVLAMP analysis
locations. Same region as in Fig. 3.1 (B), but with all laser pit locations shown. The laser pit
locations (Domain 1: yellow; Domain 2: blue; Domain 3: red) are labeled corresponding to
analyses listed in Table S3.3, and circles with crosses indicate ablation volumes that targeted
or were contaminated by clast materials. Red circles labeled with “A” or “B” indicate analyses
that make up modes 3A and 3B in Fig. 3.3 (A), and which bracket the range of apparent
ages for Domain 3 impact melt. Scale bar is 1 mm.
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3.6.7 Supplementary Tables
Table S3.1. 40Ar/39Ar dates for 77115 reported by Stettler et al. (1975)
and Stettler et al. (1978) that we recalculated to use preferred values for the
decay constants of 40K and a preferred monitor mineral age for CC-27 of
2.633 ± 0.024 Ga, which was also recalculated to use current values for the
relative isotopic abundance of 40K.
Published Age Recalculated Age
Sample t0 ± 1σ0 (Ga) t± 1σ (Ga) Reference
77115,22* 3.850± 0.020 3.796± 0.019 Stettler et al. (1975)
77115,22* 3.900± 0.015 3.844± 0.014 Stettler et al. (1978)
77115,75* 3.910± 0.020 3.854± 0.019 Stettler et al. (1975)
77115,75† 3.960± 0.015 3.902± 0.014 Stettler et al. (1975)
77115,75† 3.960± 0.025 3.902± 0.024 Stettler et al. (1978)
∗ The dated material was described as the “blue-grey matrix” of 77115.
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table S3.4. Dates and beginning and ending times of the multistep
irradiation of samples 77115,121,1 and 73217,83,1 in the medium-flux po-
sitions at the McMaster University reactor, Hamilton, Ontario, Canada.
The total irradiation duration was ca. 203 hours.
Step # Date (mm/dd/yyyy) Start (hh:mm) End (hh:mm)
1 03/27/2013 16:07 22:29
2 03/28/2013 09:22 22:45
3 04/01/2013 13:50 14:30
4 04/03/2013 12:54 14:00
5 04/03/2013 16:31 22:45
6 04/04/2013 08:59 23:08
7 04/05/2013 14:10 20:45
8 04/05/2013 20:45 22:45
9 04/06/2013 08:52 22:45
10 04/08/2013 10:20 22:45
11 04/09/2013 09:15 22:45
12 04/10/2013 12:45 22:45
13 04/11/2013 10:13 22:45
14 04/12/2013 08:30 22:45
15 04/15/2013 11:28 22:45
16 04/16/2013 08:55 22:45
17 04/17/2013 08:56 18:01
18 04/17/2013 18:25 22:45
19 04/18/2013 08:45 22:45
20 04/19/2013 09:02 22:45
21 04/22/2013 10:45 20:21
118
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4.1 Abstract
Many planetary surfaces in the Solar System have experienced prolonged bom-
bardment. With each impact, new rocks can be assembled that incorporate freshly
generated impact melts with fragments of older rocks. Some breccias can become
polygenetic, containing multiple generations of impact melt products, and can poten-
tially provide important insights into the extensive bombardment history of a region.
However, the amount of chronological information that can be extracted from such
samples depends on how well the mineral-isotopic systems of geochronometers can
preserve the ages of individual melt generations without being disturbed by younger
events. We model the thermal evolution of impact melt veins and the resulting loss of
Ar from K-bearing phases common in impact melt breccias to assess the potential
for preserving the 40Ar/39Ar ages of individual melt generations. Millimeter-scale,
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clast-free melt veins can cause significant heating of adjacent host rocks, and can
cause detectable Ar loss in contact zones that are generally thinner than, and at most
about the same thickness as, the vein width. The incorporation of cold clasts in melt
veins reduces the magnitudes of heating and Ar loss in the host rocks, and Ar loss
can be virtually undetectable for sufficiently clast-rich veins. Quantitative evidence of
the timing of impacts, as measured with the 40Ar/39Ar method, can be preserved in
polygenetic impact melt breccias, particularly for those containing mm-scale bodies of
clast-bearing melt products.
4.2 Introduction
Impact is one of the dominant geologic processes in the Solar System (French, 1998;
Osinski and Pierazzo, 2013; T. G. Sharp and DeCarli, 2006). A fundamental challenge
to understanding the origin and evolution of rocky Solar System bodies is dating
impact events with high precision and accuracy. While a variety of radioisotopic
chronometers can be applied to rocks reworked by impact (impactites), 40Ar/39Ar dating
is particularly useful because Ar systematics are readily reset during major impact
melting events due to the higher thermally activated diffusivity of that element at a
given temperature as compared to elements such as Pb (Young et al., 2013). Additional
complexities arise when pre-existing impactites absorb a subsequent, sufficiently
energetic impact (or impacts) to produce new melts. Evidence for the existence
of polygenetic impact melt breccias (IMBs) was observed in the field during the
Apollo missions and is preserved in the Apollo sample archives (e.g., Schmitt, 1973;
Stöffler et al., 1979). The Apollo 17 sample 73217 is a particularly striking example
of a polygenetic IMB that has several distinctive member lithologies (Crawford,
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1975; Huber and Warren, 2008; Ishii et al., 1983; Ryder, 1993a). Notably, in situ
phosphate and zircon U/Pb data reported by Grange et al. (2009) and ultraviolet
laser ablation microprobe (UVLAMP) 40Ar/39Ar data reported by Mercer et al. (2015)
were interpreted as evidence that 73217 incorporated melt products from multiple
impacts that occured over a period of more than a billion years. The UVLAMP
40Ar/39Ar dates alone seem to indicate that three or more impacts affected sample
73217 over a period of more than 500 Ma. However, datasets such as these raise a
fundamental question: how does the formation of new melt products affect the Ar
systematics of previous generations of impact melts in a polygenetic IMB? In this
contribution, we explore how the formation of thin veins of impact melt affect the
K-Ar systematics of older impact melt products, and how that influences the 40Ar/39Ar
dates that geochronologists can obtain with laboratory measurements. To do so, we
combine a thermal model of heating in the vicinity of injected melt veins with a model




The thermal model we developed is an approximate numerical solution to the heat











where T is temperature in K, t is time in seconds, and ρ, Cp, and k are the density
(kg/m3), specific heat capacity (at constant pressure; J/kg/K), and thermal conduc-
tivity (W/m/K), respectively, ~F is the thermal flux, and ~∇ is the vector differential
operator. To model the conductive cooling of one or more planar sheets, we designed
a one-dimensional model using N discrete spatial elements, with boundary and center
positions given by {x0, x1, . . . , xN+1} and {x¯0, x¯1, . . . , x¯N}, respectively, and element
widths given by δxi = xi+1−xi. Each element i has its own value of Ti, ρi, Cpi , and ki,
allowing the model to be inhomogeneous since the quantities ρi, Cpi , and ki can vary
spatially (e.g., by making them functions of T , see Physical and Thermal Properties).
Furthermore, the initial temperature structure of the model can be arbitrary. For
the present study, we modeled (1) clast-free melt veins as a single planar sheet with
width h centered at the origin; and (2) clast-bearing melt veins as a series of planar
sheets within a region of width h centered at the origin. Initially, molten elements
in the region |x| ≤ h/2 were assigned an elevated temperature, Tpk, while elements
representing clasts or that were outside that region were assigned a lower background
temperature, Tbg (Fig. 4.1). The thicknesses and positions of “clast” regions were
randomly generated so that their combined width took up a user-specifiable fraction
of h (e.g., 0.2h, or 20% “by volume”), and all clast regions were bounded by melt at
the vein edges (i.e., clasts were not allowed to be in contact with the host rock). Grid
element widths were varied so that the numerical mesh was most dense adjacent to
contacts between cold and hot regions (where the thermal gradients are the steepest),
and the least dense in the host rock farther from the vein contact where |x| > 5h.
Given the symmetry of the setup for clast-free melt veins, we only modeled one half of
the system, from the center of the planar sheet at x = 0 out to a distance of x = 15h.






























Figure 4.1. Schematic diagrams of the initial states and numerical grids used to model
the conductive cooling of clast-free and clast-bearing melt veins. The melt vein region is
centered at x = 0 with width h, and hot regions start with an elevated temperature, Tpk,
relative to the background temperature, Tbg, of the surrounding medium and clasts. Note,
the numerical grid is most dense near contacts between hot and cold materials, and the least
dense far from the vein contact. See the text for details on how thermal fluxes between
elements are calculated, and see Physical and Thermal Properties for details on how we
parameterized physical and thermal properties in our models.
For each timestep ∆t = tn+1 − tn, the thermal flux is calculated between adjacent
elements using an explicit finite difference approach (using the terminology of Crank,
1975). Specifically, the flux from element i to element i+ 1 at time tn is
Fi,n ≈ −ki,n + ki+1,n
2
· Ti+1,n − Ti,n
x¯i+1 − x¯i , (4.2)
and the change in temperature for element i is
Ti,n+1 − Ti,n ≈ ∆t · −1
ρi,nCpi,n
· Fi,n − Fi−1,n
xi+1 − xi . (4.3)
Given the symmetry of our model configurations for clast-free melt veins, we held
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Fi−1 = 0 for the leftmost element (i.e., there was zero flux at x = 0). For the rightmost
element (at x = 15h/2), we held the temperature constant at Tbg. For models of
clast-bearing melt veins, the “constant temperature” boundary condition was applied
to both edges (at |x| = 15h) since the region within the vein (|x| ≤ h/2) started with
a randomly generated initial temperature structure.
The evolution of temperatures generated by Eq. (4.3) is physically reasonable
as long as the timestep is small enough to satisfy a Courant stability criterion:
∆t < min[(δx)2]/max[κ] · S, where κ is the thermal diffusivity (m2/s), and S is a
“safety” factor that we took to be 1/3. Note, however, that we use the temperature-time
(T-t) paths output from various locations in the thermal model as inputs for diffusive
loss models (see Diffusive Loss Model). Therefore, the timesteps must also be small
enough to satisfy a Courant condition based on the diffusive model configurations. In
practice we found that timesteps of 10 µs were sufficient for our purposes.
To account for the latent heat of fusion, we adopted the strategy employed by
Jaeger (1957) and Onorato et al. (1976) and assumed that the latent heat is released
uniformly between the liquidus and solidus temperatures (Tl and Ts, respectively) of





Tl − Ts , (4.4)
where C ′p is the specific heat capacity of the medium (potentially parameterized as
a function of T ; see Physical and Thermal Properties), and L is the latent heat in
J/kg. Note that L is zero outside of the temperature range Ts ≤ T ≤ Tl, i.e., when
the material is either completely liquid or completely solid.
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4.3.2 Diffusive Loss Model
For our purposes, we chose to model the host rock as comprising spherical “domains”
with distinctive diffusivities that match those experimentally determined for constituent
minerals and melt glass. We implemented the numerical model of Watson and Cherniak
(2013) for diffusive loss from a sphere in response to heating, which can accommodate
arbitrary T-t paths and the radiogenic ingrowth of diffusant. This model employs an
explicit finite-difference scheme to approximately solve the diffusion equation. We set
up the numerical grids for our models using the same strategy as Watson and Cherniak
(2013) in which the outer 5 % of each hypothetical grain (where the concentration
gradient is the steepest) was initially more densely gridded than the interior, and
after 2 % loss the exterior region was re-gridded to have the same node density as the
interior. For most of our models, we used an initial node density for the outer 5 % of
each sphere of a/3600, where a is the outer radius. However, in a few instances (e.g.,
for some models of anorthite from Apollo 17 sample 76535 that were located the most
“proximal” to the modeled melt veins; see below for diffusion parameters) we used
values between a/2200 and a/1800 to mitigate computational costs (data volume and
time). The interiors of our numerical grids always had node densities of a/300.
To couple our diffusive loss models to our thermal models, we tracked the T-t
histories at a number of positions within the host rock located between ca. 20 µm
and 15 mm from the modeled melt vein contacts. These T-t paths were then used as
inputs to diffusive loss models by calculating the diffusivity, D, at each temperature
using the Arrhenius relationship D = D0e−Ea/(RT ), where D0 is the pre-exponential
constant (m2/s), Ea is the activation energy (kJ/mol), and R is the ideal gas constant
(kJ/mol/K). We selected values of D0 and Ea that are representative of Ca-rich
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plagioclase, lunar glass, and pyroxenes (some of the dominant K-bearing phases in
lunar IMBs, details are given below), and modeled spherical diffusion domains with
outer radii, a, as small as 5 µm and typically between 10–100 µm. (We also refer to
the parameter a as the diffusion dimension.) See Diffusive Properties for details on
the diffusive parameters that we used.
4.3.3 Radiogenic Ingrowth and “Detectable” Ar Loss
One of the issues facing 40Ar/39Ar geochronologists who study samples, like poly-
genetic IMBs, with complex thermal histories relates to the analytical precision with
which it is possible to detect partial Ar loss. In particular, how much 40Ar* must be
lost from a sample to cause a resolvable change in the apparent age of the sample? The
answer to this question depends primarily upon the timing and magnitude of the last
major thermal event in a sample’s history, and on the analytical precision afforded by
noble gas mass spectrometers. While the achievable analytical precision itself depends
on a variety of sample-related factors (e.g., sample age, K-concentration, presence
of trapped components, etc.) and experimental factors (e.g., irradiation conditions,
instrument sensitivity, etc.), most modern laboratories are capable of determining
40Ar/39Ar dates for planetary materials with uncertainties between ca. 0.5-2 % at
the 2σ level. For the sake of argument, we will consider 1 % uncertainties at 2σ to
represent a reasonable level of precision for 40Ar/39Ar dates.
To address the issue of how the timing and magnitude of thermal events produced
by the formation of thin impact melt veins affects the ability to detect partial Ar loss
in polygenetic IMBs, we incorporated the production of 40Ar* by radioactive decay
into our diffusive loss models. In describing the details of our approach, we use the
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following nomenclature for time. The symbol t is used to represent ages, i.e., time
before the present day, and the symbol τ is used to indicate time following a reference
event, such as host rock formation. (Both t and τ have units of [time], e.g., Ma.)
For a hypothetical sample that formed at time τ0 = 0, the undisturbed age of the
sample is given by t0 = τm − τ0 = τm, where τm is the time the sample is “measured”
in the lab (i.e., at the present day; Fig. 4.2 (a)). The times of intermediate events,
0 ≤ τi ≤ τm, therefore correspond to “actual” ages ti = τm− τi = t0− τi, which should
not be confused with “apparent” ages, which are constrained by the mathematics of
radiogenic ingrowth, described in detail below and shown in Fig. 4.2 (b–c). The time
when event i occurs (relative to host formation) can then be expressed as τi = t0 − ti.
We will use time after host rock formation (τ) instead of age (t) in some instances to
make the mathematics more intuitive.
Because thin melt veins cool effectively instantaneously compared to the ca. 1.25
Ga half-life of 40K, we allowed radiogenic ingrowth of 40Ar* before and after, but not
during, heating episodes. Figure 4.2 (a–c) schematically illustrates the evolution of the
ratio of radiogenic daughter atoms to parent atoms (n∗d/np) for one or more impact-
induced heating events. The integrated effects of ingrowth and partial or complete Ar
loss are projected to the present day, and we use the dimensionless parameters α and
β to represent the fraction of 40Ar* that was retained or lost, respectively, relative to
an undisturbed sample, with the constraint that α + β = 1. The apparent age, ta (in
units of [time], e.g., Ma), is given by




1 + β(eλt0 − 1)] , (4.5)
where t0 is the undisturbed age and λ is the 40K decay constant (units of [time]−1,
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Figure 4.2. The production and loss of radiogenic isotopes, and the apparent shift in
the ages of disturbed samples. (a) Schematic illustration of radiogenic ingrowth from the
time of host formation, τ0, to the time of isotopic analysis at the present day, τm. The
solid curve represents an undisturbed sample, while the dashed curve represents one that
experienced a single complete-resetting event at time τc. (b) A comparison of radiogenic
ingrowth between an undisturbed sample (solid curve) and one that was partially reset at
time τp (black dot-dashed curve). The grey dot-dash curve projects back in time and the
x-intercept represents the apparent age (t′p). (c) A comparison of radiogenic ingrowth curves
for an undisturbed sample (solid curve), a sample that experienced a single complete-resetting
event at τc (black dashed curve), and a sample that experienced multiple partial-resetting
events at τp1 , τp2 , and τp2 (black dot-dashed curves). The grey dot-dashed curves again
project back in time, but only the apparent age derived from the final projection (t′p3) can be
determined in the laboratory. The symbols α and β represent the fractions of daughter atoms
that remain or were lost, respectively, compared to an undisturbed sample analyzed at the
present day (τm); the subscripts c and p refer to the complete- and partial-resetting scenarios.
In effect, β represents the integrated effects of radiogenic ingrowth and one or more episodes
of Ar loss. (d) The relationship between the undisturbed age, t0, and the apparent age, ta,
of a sample that experienced one or more episodes of Ar loss, as parameterized by β.
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Figure 4.2 (d) shows apparent 40Ar/39Ar ages for different values of β and t0. (We
employed the 40K decay constants of Steiger and Jäger, 1977 throughout this paper.)
In each of our models we assign the undisturbed “formation” age, t0 (where
t0 = τm − τ0 = τm since we assume τ0 = 0), when radiogenic production of 40Ar*
begins. We also assign the timing of one or more “impact” events, τi (requiring that
τm− τi = ti ≤ t0), when one of our modeled melt veins is instantaneously injected and
causes the diffusive loss of previously accumulated 40Ar*. For a single impact event,
we can re-express the apparent age as




1 + F (eλ(t0−ti) − 1)] , (4.6)
where F is the fraction of 40Ar* that is lost at the time of the heating event, τi = t0− ti.
The relationship between β and F (for a single heating event) follows from Eqs. (4.5)
and (4.6):
β =
F (eλ(t0−ti) − 1)
eλt0 − 1 . (4.7)
In cases where we subject one model sphere to multiple thermal events, the
combination of diffusive loss and radiogenic ingrowth produce non-uniform initial
concentration profiles of 40Ar* for all except the first heating event. We tracked the
integrated loss of 40Ar* over all events to determine a value of β directly (accounting
for radiogenic ingrowth), and we tracked the fraction of 40Ar* that was lost in each
individual event, Fi. Let ν(τi) ≡ (eλτi − 1) be the ratio of daughter to parent atoms
(i.e., n∗d/np) at time τi = t0−ti in an undisturbed sample. Then the daughter-to-parent
ratio at time τi, η(τi), of a disturbed sample that experienced N heating events at
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times {τe1 , τe2 , . . . , τeN} is given by the recurrence relation
η(τi) =





Fj η(τj) if 1 < i ≤ N + 1.
(4.8)
Note that the index i = N+1 corresponds to a time following the N heating events, so
the full (sorted) set of times needed to evaluate Eq. (4.8) is Θ = {τe1 , τe2 , . . . , τeN , τN+1},
and τi ∈ Θ. The value of β for a multiply-disturbed sample at the present day
(τN+1 = τm) is simply
β = 1− η(τm)
ν(τm)
. (4.9)
Equation (4.9) reduces to Eq. (4.7) in the case where N = 1. In cases where there are
N > 1 heating events, the apparent age is given by
ta = t0 − 1
λ
loge [1 + ν(τm)− η(τm)] . (4.10)
Taken together, Equations (4.5), (4.6), and (4.10) allow us to evaluate whether or
not Ar loss results in a resolvable change in the age of a sample for a variety of impact
heating scenarios (or other situations where Ar loss is effectively instantaneous). For
example, suppose that a rock formed on the Moon at t0 = 4 Ga and later experiences
a single impact heating event. We can solve Eq. (4.6) for F , set ∆t = t0 − ta to,
say, 1 % of the undisturbed age (40 Ma, in this case) to represent a reasonable
analytical precision, and calculate the corresponding values of F at any impact time,
τi. Figure 4.3 shows this scenario, along with scenarios where ∆t is 0.5 % or 2 % of
t0. Where thermally-induced Ar loss yields values of F below one of the curves in
Fig. 4.3, the change in apparent age can effectively be considered undetectable at that
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Figure 4.3. The fractional loss of 40Ar*, F , plotted as a function of the impact time, τi,
for a hypothetical t0 = 4 Ga protolith that experiences a single impact-induced heating
event. The curves represent the F lost values required to produce changes in the apparent
40Ar/39Ar age, ∆t, that are comparable to typical values for the 2σ age uncertainty. See text
for details.
level of precision (expressed as the uncertainty at 2σ). In instances where F exceeds
one of the thresholds shown in Fig. 4.3, the resulting age change will be detectable at
that level of precision. Notice that it is much easier for recent impact events (e.g., τi
ca. 3500 Ma, i.e., ti ca. 500 Ma) to cause a detectable shift in the apparent age than
it is for early impact events (e.g., τi ca. 250 Ma, i.e., ti ca. 3750 Ma).
For a polygenetic IMB that experienced several reheating events, it is easier to
produce detectable Ar loss. However, it is still possible to have several weak heating
events that produce no detectable age change, particularly if they occur promptly
after the original host rock forms. We illustrate this with two examples, assuming that
a hypothetical rock forms at t0 = 4350 Ma. Suppose that three impact events occur
at times τ1 = 50 Ma, τ2 = 200 Ma, and τ3 = 400 Ma, and each generates a thin melt
vein in the host rock. If all three veins cause the same fraction of Ar loss for one small
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portion of the host rock, say F1 = F2 = F3 = 0.2 (and the now-polygenetic IMB never
experiences external heating, e.g., by sitting next to a large body of impact melt),
then from Eq. (4.10) the resulting apparent 40Ar/39Ar age of the affected portion of
the host rock would be ca. 4216 Ma. That is roughly a 3.1 % shift in the apparent age;
a small but detectable change. Now consider a different portion of the host rock that
is closer to the first melt vein than the subsequent two, such that F1 = 0.4, F2 = 0.05,
and F3 = 0.01. The apparent 40Ar/39Ar age would be ca. 4314 Ma, a change of only
0.8 % that would be more challenging to recognize.
4.4 Model Results and Interpretations
4.4.1 Clast-Free Melt Veins
We modeled melt veins that were clast-free with widths of 1, 2, 5, 10, 15, and
20 mm. Figure 4.4 shows the thermal evolution of the 1, 5, and 10 mm-thick veins,
and the temperature of the host rock as a function of time for several distances from
the melt vein contact. The thinner melt veins cool significantly more rapidly than
thicker veins; for example, the core temperature of the 1 mm-thick vein cools to ca.
1000 K in about two seconds, while it takes about 5 minutes for the core of the 10
mm-thick vein to reach the same temperature. For the 20 mm-thick vein, it takes
about 20 minutes for the core to cool to 1000 K Fig. S4.1. Immediately adjacent
to the contact, temperatures in the host rock quickly rise to just above the solidus
temperature, indicating incipient melting. Within a few tens of microns of thin melt
veins (h = 1 or 2 mm), the temperature overshoots by only a few K and the host rock




















−10 −5 0 5 10 −10 −5 0 5 10 −10 −5 0 5 10
2x/h 2x/h

















0 2 4 6 8 10
Time (min)
0 2 4 6 8 10 12 14
Time (min)
h = 10 mm














h = 5 mm














h = 1 mm














Figure 4.4. Thermal evolution of clast-free melt veins with thicknesses of 1, 5, and 10 mm.
The top row of panels show temperature versus distance normalized by vein thickness, h, at
several times (labeled in seconds). The lower row of panels shows the T-t histories of the host
rocks at several distances from the melt vein contact. See Numerical Methods for modeling
details and Physical and Thermal Properties for model input parameter values.
within a few tens of microns of the contact initially overshoots the solidus by a larger
margin (up to 26 K for the 20 mm-thick vein), and is subsequently buffered near the
solidus for longer time intervals (Fig. 4.4). The zone of incipient melting also extends
farther from the contact for thicker veins; for the h = 20 mm vein we considered, the
host rock temperature overshot the solidus by about 5.6 K at a distance of 525 µm
from the contact. Once the vein has entirely solidified, the temperature of the host
rock near the contact cools more quickly (Fig. 4.4). Finally, thicker melt veins cause
greater heating in the host rock farther from the contact; for example, Fig. 4.5 shows
the peak temperature as a function of distance from veins with 1 ≤ h ≤ 20 mm.
We used the T-t histories of the host rocks, like those shown in Fig. 4.4, as inputs
for diffusive loss models of 76535 anorthite, Plush, OR labradorite, Apollo 16 glasses,
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Figure 4.5. The peak temperatures in the host rock as a function of distance from the
melt-host contact for clast-free melt veins of different thicknesses. See Numerical Methods
for modeling details and Physical and Thermal Properties for model input parameter values.
and pyroxene (see Diffusive Properties for diffusive parameter values). Figure 4.6
shows the fraction of 40Ar* lost, F , from spherical diffusion domains of the plagioclase
and Apollo 16 glasses versus distance from 2, 5, and 10 mm-thick melt veins. We
used Eq. (4.6) to determine the F loss values that would be required to produce age
changes, ∆t, of up to 12 % for a t0 = 4350 Ma host rock in which a melt vein forms
at ti = 3800 Ma (in this case, complete resetting can cause ∆t ≈ 12.64 % at most).
For this example, we chose the value of t0 as a reasonable estimate for the 40Ar/39Ar
age of an early lunar crustal rock (e.g., Elkins-Tanton, 2012; Gaffney and Borg, 2014),
and ti as a reasonable impact age near the end of the basin-forming epoch on the
Moon (e.g., Fassett and Minton, 2013; Norman, 2009).
Given this impact scenario, the results shown in Fig. 4.6 indicate that a 2 mm-thick
melt vein would cause detectable Ar loss in plagioclase within a few hundred µm of
the contact for diffusion domains with a ≤ 10 µm. Thicker melt veins cause greater
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Figure 4.6. Diffusive loss results for plagioclase (76535 anorthite and Plush, OR labradorite)
and Apollo 16 glass diffusion domains outside of 2 mm, 5 mm, and 10 mm thick melt veins.
Horizontal grey dashed lines represent F values required to produce the labeled apparent age
changes (∆t in %) assuming the melt veins formed at τi = 550 Ma in t0 = 4350 Ma host
rocks (i.e., the true impact age is ti = 3800 Ma). See Numerical Methods for modeling details
and Physical and Thermal Properties and Diffusive Properties for model input parameter
values.
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Ar loss farther from the contact, with detectable loss in plagioclase up to a few mm
from the contact for all diffusion domain sizes considered here. In addition, veins with
widths of several mm or more can start to cause complete resetting in fine-grained
plagioclase immediately adjacent to the melt vein contact, e.g., for plagioclase with
a = 10 µm located ca. 500 µm away from a 10 mm-thick melt vein (Fig. 4.6). For the
15 and 20 mm-thick veins that we modeled, we would expect complete resetting to
occur only for diffusion domains of 76535 anorthite with a ≤ 30 µm, and for domains
of the Plush, OR labradorite with a ≤ 20 µm. These complete resetting zones only
extend out a few to several hundreds of microns from the contact for these domain
sizes, and as far as 2 mm from the contact for a = 10 µm domains of 76535 anorthite
adjacent to a 20 mm-thick melt vein Fig. S4.2.
A potentially counter-intuitive observation that can be made from Fig. 4.6 is that
glass diffusion domains do not lose as much Ar as plagioclase domains in the same
locations from melt vein contacts. However, this can be explained by an effect termed
“diffusion compensation” (e.g., Hart, 1981), where the diffusivities of the plagioclase
and glass phaseses considered here converge in Arrhenius space with increasing
temperature and eventually exhibit “kinetic crossovers” (using the terminology of
Reiners (2009); Fig. S4.4). For temperatures above ca. 970–1050 K (600–680 ◦C),
the 76535 anorthite and Plush, OR labradorite are more diffusive than the Apollo 16
glasses. Since the thermal pulses generated by thin, clast-free melt veins are intense
and brief, much of the Ar loss for diffusion domains located immediately adjacent
to the melt vein contacts occurs at higher temperatures than the kinetic crossovers.
These observations are similar to those made by Cassata et al. (2010) of pronounced
Ar loss from pyroxenes relative to plagioclase and glass in several Martian meteorites.
Our results also support the possibility that rocks that experience heating above the
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kinetic crossovers of constituent phases may yield odd incremental release spectra,
e.g., with older apparent ages at low experimental temperatures followed by younger
apparent ages at high experimental temperatures (Boehnke et al., 2016; Harrison
et al., 1991).
Because the diffusivity of Ar in plagioclase is more strongly temperature dependent
(Fig. S4.4) than that of glass, the fraction of Ar lost (F ) from plagioclase falls more
steeply with increasing distance from the contact. In fact, the F lost from glass will
exceed that for plagioclase farther away from the melt vein contact. This can be seen
for the Plush, OR labradorite and Apollo 16 glass at distances of ca. 2.4 mm or more
from a 10 mm-thick melt vein, for example. For the 76535 anorthite and the Apollo
16 glass, the glass will lose more Ar at distances greater than ca. 4 mm (Fig. 4.6).
Similar reversals occur in the F lost results for plagioclase and glass at event farther
distances from the contacts of the 15 mm and 20 mm melt veins Fig. S4.2. However,
in the majority of the cases modeled here and given the assumptions that t0 = 4350
Ma and ti = 3800 Ma, plagioclase lost more Ar than the glass in zones near the
contact where Ar loss is detectable at all. In other words, at distances far enough
away from the melt veins where glass loses more Ar than plagioclase, the F lost by
either phase is generally small enough that ∆t < 1 %. In this scenario, only glass
diffusion domains with a . 20 µm will detectably lose more Ar than equivalently sized
plagioclase domains near 15 and 20 mm melt veins Fig. S4.2.
It is worth noting that the greater loss of Ar from plagioclase as compared to glass
at very high temperatures would probably persist even if the diffusivities of the two
phases behave non-linearly in Arrhenius space over heating timescales shorter than
those used in typical laboratory diffusion experiments. Depending on the character of
the high-T non-linearity for the two phases during melt vein cooling, the difference
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in F lost may be slightly greater or lesser than that shown here, and the distance at
which Fglass again exceeds Fplag may shift inboard or outboard slightly. This could be
assessed more quantitatively if methods are developed to accurately model Arrhenius
non-linearity for intense, transient heating events.
As another way to visualize which combinations of melt vein widths and diffusion
domain sizes yield detectable Ar loss, Fig. 4.7 shows a subset of our results for
plagioclase and glass diffusion domains with 10 ≤ a ≤ 100 µm located at three
distances from each of the modeled melt veins. Resetting thresholds (determined
with Eq. (4.6)) are shown for ∆t up to 12 % for a t0 = 4350 Ma protolith in which a
melt vein forms at ti = 3800 Ma. Again, plagioclase domains near thin melt veins
lose Ar more readily than glass domains, and the magnitude of Ar loss decays more
precipitously for plagioclase with increasing distance from the contact.
The relative timing of events strongly controls how much the apparent age of
reheated materials can shift (e.g., Fig. 4.3). For example, Fig. 4.8 shows the same
results for 76535 anorthite as the top center panel of Fig. 4.7, but with different
assumptions for the values of t0 and ti. If there is a short time interval between host
rock formation and melt vein formation, then the Ar loss will be more challenging to
detect, particularly for thinner melt veins. In a scenario like this, it may be reasonable
to expect that plagioclase will have lost more Ar than glass in zones where Ar loss is
detectable. On the other hand, if the time interval between host rock formation and
melt vein formation is large, the Ar loss will be easier to detect. In this case, it may
be reasonable to expect that plagioclase will have lost more Ar than glass for material
located proximal to a melt vein, but that glass will have detectably lost more Ar than
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Figure 4.7. Diffusive loss results for plagioclase and Apollo 16 glass diffusion domains with
radii between 10–100 µm located outside of melt veins with thicknesses between 1–20 mm.
From top to bottom, each row of panels corresponds to: (1) 76535 anorthite, (2) Plush, OR
labradorite, and (3) 61502,13_3 glass (results for 61502,13_5 are nearly identical). From
left to right, the columns of panels correspond to offset distances from the melt-host contact
of ca. 100 µm, 525 µm, and 1 mm. Model results are shown as circles, and are colored by
the fraction of argon lost, F . The grey dashed contours are smoothed cubic interpolations of
the results, and represent F values required to produce the labeled apparent age changes
(∆t in %) assuming melt veins were clast-free and formed at τi = 550 Ma in t0 = 4350
Ma host rocks (i.e., the true impact age is ti = 3800 Ma). See Numerical Methods for
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Figure 4.8. Diffusive loss results for diffusion domains of 76535 anorthite located 525 µm
away from melt vein contacts, with various assumptions about the protolith age (t0) and
impact timing (ti = t0 − τi). From left to right, the time intervals, τi, between host rock
formation and impact melt vein formation are: 200 Ma, 1050 Ma, and 200 Ma. Model
results are shown as circles, and are colored by the fraction of argon lost, F . The grey dashed
contours are smoothed cubic interpolations of the results, and represent F values required to
produce the labeled apparent age changes (∆t in %) given the different age assumptions.
Compare to the top middle panel in Fig. 4.7. See Numerical Methods for modeling details
and Physical and Thermal Properties and Diffusive Properties for model input parameter
values.
even if the time interval between host rock formation and melt vein formation in a
“recent” scenario is the same as that in an “ancient” scenario (Fig. 4.8).
For the conditions we modeled here, spherical diffusion domains of orthopyroxene
only experienced Ar loss adjacent to melt veins with h ≥ 5 mm Fig. S4.3. Diffusion
domains of clinopyroxene rarely yielded F > 10−3 (for values of F much lower than
this, the finite difference algorithm becomes less accurate; Watson and Cherniak
(2013)); the highest F value was ca. 1.52 × 10−3 for a domain with a = 10 µm
located just outside of a 20 mm-thick melt vein. Assuming that t0 = 4350 Ma and
ti = 3800 Ma, Ar loss is effectively undetectable in orthopyroxene with an 40Ar/39Ar
age precision of 2σ = 1 %. If the impact were slightly more recent, e.g., ti = 3300 Ma,
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Ar loss would barely be detectable (i.e., 1 < 2σ < 2 %) for orthopyroxene domains
with a = 10 µm located less than ca. 500 µm away from a 20 mm-thick vein. Either
the peak heating would need to be more intense or the impact event would need to be
significantly more recent for larger diffusion domains of pyroxene to lose detectable
quantities of argon. Because we did not consider more extreme conditions here, we
focused on Ar loss from plagioclase and glass in the subsequent sections.
4.4.2 Clast-Bearing Melt Veins
In addition to the clast-free melt veins considered above, we explored how the
addition of cold clasts affects the thermal evolution of melt veins and the magnitude
of Ar loss that occurs from plagioclase and glass. In particular, we modeled three
10 mm-thick melt veins that started with 10 %, 20 %, and 40 % clasts by volume
(Fig. 4.9). Note that the locations and initial widths of cold clasts were randomly
generated, so the examples shown in Fig. 4.9 are representative of the thermal evolution
of clast-bearing melt veins and are not unique. As Onorato et al. (1976) observed,
the presence of cold materials causes a melt sheet to cool in two conceptual stages.
First, the variation of temperatures within the planar sheet is rapidly reduced, and
reaches an intermediate state between the starting temperatures of the clasts and
melt. While there are longer-wavelength variations in temperatures that can persist in
the vein interior, e.g., due to the presence of tightly grouped clasts, the temperatures
near the edge of the vein are generally coolest after this initial phase of cooling due to
conduction of heat into the host rock. For the 10 mm clast-bearing veins considered
here, this phase of cooling lasted about 1–10 seconds, and the bulk temperatures of
the veins plummeted by a few hundreds of K. In the second phase, the planar sheet
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Figure 4.9. Thermal evolution of 10 mm-thick melt veins containing 10 %, 20 %, and 40 %
by volume. The top row of panels show temperature versus distance normalized by vein
thickness, h, at several times (labeled in seconds). The lower row of panels shows the T-t
histories of the host rocks at several distances from the melt vein contact. The inset in the
bottom right panel shows the temperature evolution 27 µm away from the clast-rich melt
vein for the first three seconds after it forms. See Numerical Methods for modeling details
and Physical and Thermal Properties for model input parameter values.
as a whole cools more slowly. For the cases considered here, this phase took on the
order of tens of minutes.
If we consider the clasts as xenoliths with the same solidus (Ts = 1263 K) and
liquidus (Tl = 1623 K) as the rest of the modeled system, then it is evident from
Fig. 4.9 that small, relatively isolated clasts can fully melt. Larger clasts and tightly
grouped clasts, on the other hand, do not melt entirely, resulting in a net increase
in the size distribution of clasts after the melt has cooled (Onorato et al., 1976). As
clast content increases, the magnitude of heating in the host rock decreases (Fig. 4.9).
This can also be seen in Fig. 4.10, which shows the peak temperature as a function of
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Figure 4.10. The peak temperatures in the host rock as a function of distance from the
melt-host contact for 10 mm-thick melt veins containing 10 %, 20 %, and 40 % by volume.
See Numerical Methods for modeling details and Physical and Thermal Properties for model
input parameter values.
distance from the clast-bearing melt veins shown in Fig. 4.9. While peak temperatures
within a few tens of microns of the melt vein contact still spike to near the solidus
(e.g., bottom right panel inset, Fig. 4.9), they quickly drop to a lower temperature over
the same timescale as the first phase of cooling within the vein itself. The extent of
incipient melting of the host rocks is significantly reduced, and the peak temperatures
farther from vein contacts are significantly reduced compared to the totally molten
case.
As a consequence, the magnitude of Ar loss that occurs from diffusion domains of
plagioclase and glass nearby clast-bearing melt veins also decreases (Fig. 4.11). For
example, diffusion domains of 76535 anorthite with a = 10 µm were completely reset
(F > 0.99) up to distances of a few hundreds of microns from a clast-free, 10 mm-thick
melt vein (Fig. 4.6). With the addition of just 10 % cold clasts, the same diffusion
domains only experienced F > 0.99 within a few tens of microns of the contact. With
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Figure 4.11. Diffusive loss results for 76535 anorthite and 61502,13_3 glass diffusion
domains outside of a 10 mm thick melt veins that initially contain 10 %, 20 %, and 40 %
cold clasts by volume (see Fig. 4.9). Compare to diffusive loss results near a clast-free, 10
mm-thick melt vein in Fig. 4.6. Horizontal grey dashed lines represent F values required
to produce the labeled apparent age changes (∆t in %) assuming the melt veins formed at
τi = 550 Ma in t0 = 4350 Ma host rocks (i.e., the true impact age is ti = 3800 Ma). See
Numerical Methods for modeling details and Physical and Thermal Properties and Diffusive
Properties for model input parameter values.
the addition of 40 % clasts, Ar loss is virtually undetectable for 76535 plagioclase,
assuming that t0 = 4350 Ma and ti = 3800 Ma (Fig. 4.11).
4.4.3 Hypothetical Polygenetic Impact Melt Breccia
Finally, we modeled a hypothetical polygenetic IMB containing three generations
of melt products, loosely inspired by the thin section of 73217 studied by Mercer
et al. (2015). We assumed that the oldest generation of melt materials (G1) formed
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Example Analysis Locations
S1S2S3S4S5S7 S6 Example Distances From Contacts: 
S4: ΔxG2 = 0.6 mm, ΔxG3 = 1.4 mm
S6: ΔxG3 = 3.0 mm 
S7: ΔxG2 = 0.5 mm, ΔxG3 = 4.5 mm
G1 G1G2 G3
1 mm
Parameters for Melt Generations:
G1 — t0 = 4000 Ma (τ0 = 0 Ma)
G2 — h1 = 2 mm, 40% Clasts, t1 = 3850 Ma (τ1 = 150 Ma)
G3 — h2 = 5 mm, 10% Clasts, t2 = 3750 Ma (τ2 = 250 Ma) 
h1 h2
2 mm
Figure 4.12. Schematic illustration of the hypothetical polygenetic IMB that we modeled.
The sample has three generations of melt products (G1–G3) that formed at t0 = 4000 Ma,
t1 = 3850 Ma, and t2 = 3750 Ma, respectively. Example locations for spot fusion 40Ar/39Ar
analyses are shown, assuming that a laser microprobe system with a beam footprint of 200
µm is used to extract sample gas (e.g., Mercer et al., 2015).
at t0 = 4000 Ma and then became the host of two clast-bearing melt veins. The first
(G2) had a width of h1 = 2 mm and formed at t1 = 3850 Ma with 40 % clasts. The
second (G3) had a width of h2 = 5 mm and formed at t2 = 3750 Ma with 10 % clasts
(Fig. 4.12). For both melt veins, we assumed that the initial melt temperature was
1773 K, and clasts were again randomly distributed within each melt vein. We tracked
the T-t histories at six locations where spot fusion 40Ar/39Ar dates might reasonably be
obtained in situ. We chose five spots in the oldest generation of melt material (S1–S5
and S7, Fig. 4.12), and one at the center of the clast-rich melt vein (S6, Fig. 4.12).
Values for F due to heating from the first clast-rich melt vein (G2) were all less
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Figure 4.13. Diffusive loss results for generation 1 (G1) 76535 anorthite and 61502,13_3
glass diffusion domains located at spots S1–S5 and S7 in the hypothetical polygenetic IMB we
modeled (see Fig. 4.12). Values of β were determine by integrating the effects of radiogenic
ingrowth and the loss of 40Ar* caused by the formation and cooling of generation 2 and
3 (G2 and G3) clast-bearing melt veins at t1 = 3850 Ma and t2 = 3750 Ma, respectively.
Horizontal grey dashed lines were determined using Eq. (4.10), and represent β values
required to produce the labeled apparent age changes (∆t in %).
a ≥ 5 µm. Heating by the subsequent clast-poor melt vein (G3) caused values of
F for domains with a = 5 µm ranging from ca. 0.84 to less than 10−3 for 76535
anorthite, and ranging from ca. 0.13 to 0.01 for Apollo 16 glass. The integrated effects
of reheating the first generation of materials twice are shown in Fig. 4.13. Generation
2 melt materials in the clast-rich vein were only heated once, and values of F at spot
S6 (Fig. 4.12) were less than ca. 5.1× 10−3 for all domain sizes of 76535 anorthite,
and less than 0.028 for all domain sizes of Apollo 16 glass. Given our assumptions
about t0, t1, and t2, Ar loss is really only detectable for G1 plagioclase with a < 40
µm within a millimeter of the clast-poor vein (G3). Argon loss is not detectable from
G2 materials (i.e., at S6, Fig. 4.12).
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Suppose now that we wanted to obtain a spot fusion 40Ar/39Ar dates at locations
S1 and S2 using a laser microprobe with a 200 µm-wide beam footprint to release
sample gas for analysis. From Fig. 4.13 it is clear that a single phase large enough to
be analyzed by such a laser system would not exhibit detectable evidence of Ar loss.
However, finer-grained materials are too small to analyze individually. If we assume
a reasonable ablation depth of 30 µm, the total volume of ablated material would
be on the order of 1.9× 106 µm3. For the sake of argument, let us assume that the
ablated volume contains 10 % glass with 1 wt% K2O and 90 % plagioclase with 0.1
wt% K2O. Table 4.1 shows the apparent ages that would be obtained at S1 and S2
using a few different (arbitrary) assumptions about the grain size distributions of the
ablated volumes. While Ar loss is likely detectable at S1 (assuming an age precision of
2σ = 1 %), it could be more challenging to recognize Ar loss at S2 depending on the
grain size distribution. For locations S3–S7, we would expect spot fusion 40Ar/39Ar
dates to reflect the formation age of the melt.
Interestingly, two of the 13 40Ar/39Ar dates of what Mercer et al. (2015) termed
“Domain 1” melt in sample 73217 (analogous to G1 in Fig. 4.12) are about 1.8 %
younger than the weighted mean of the other 11 dates. It is possible that the materials
ablated for these two analyses had finer grain-size distributions than the other 11,
making them more susceptible to partial Ar loss. However, one of the two slightly-
young analyses was not located in the selvage of material between the Domain 2
and 3 melt bodies (analogous to G2 and G3, respectively), but was rather like the
hypothetical analysis spot S7 shown above (Figs. 4.12 and 4.13). The material ablated
for this analysis should not have experienced as intense of heating from younger melt
generations as might be expected for Domain 1 (i.e., G1) materials between the two
younger melt veins. This implies that heating caused by the formation of the Domain 2
154
Table 4.1. Hypothetical spot fusion 40Ar/39Ar dates for locations S1 and S2 (Fig. 4.13),
assuming that ablation volumes contain 10 % glass with 1 wt% K2O and 90 % plagioclase
with 0.1 wt% K2O. A few cases are considered for each spot, with varying assumptions
about the grain size distributions of ablated materials.
Spot S1 Spot S2
Volume Fraction (%) Volume Fraction (%)
Phase a (µm) Case 1 Case 2 Case 3 Case 4 Case 1 Case 2 Case 3 Case 4
Glass 5 10 5 5 5 10 5 5 5
Glass 10 - 5 5 5 - 5 5 5
Anorthite 5 90 40 10 5 90 40 10 5
Anorthite 10 - 30 40 10 - 30 40 10
Anorthite 20 - 10 25 40 - 10 25 40
Anorthite 30 - 10 10 25 - 10 10 25
Anorthite 40 - - 5 10 - - 5 10
Apparent Age (Ma): 3878 3911 3931 3948 3939 3958 3968 3975
∆t (%): 3.1 2.2 1.7 1.3 1.5 1.0 0.8 0.6
and 3 melts was not responsible for partial Ar loss from Domain 1 materials, consistent
with the interpretations made by Mercer et al. (2015).
4.5 Discussion and Conclusions
Clast-free melt veins can cause significant heating and incipient melting of host
rocks near vein contacts, particularly for melt veins that are several to a few tens
of mm thick. The 1 mm-thick melt veins modeled here cooled on the order of a few
seconds, comparable to the modeling results published by Shaw and Walton (2013) for
long melt veins in Martian meteorites. Thicker melt veins can take significantly longer
to cool, up to several tens of minutes for a 20 mm-thick vein Fig. S4.1. Our model
could potentially be adapted to study the cooling histories of thick melt bodies and
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vein clusters in meteorites, such as the LL6 chondrite NWA 757 (Hu and T. G. Sharp,
2016).
Argon loss from Ca-rich plagioclase and glass diffusion domains should be the
easiest to detect near veins that were clast-free. However, many impact melt-bearing
samples in the Apollo collection contain some amount of mineral or lithic clasts. The
incorporation of clasts into thin melt veins can drastically reduce the degree of heating
that the host rocks experience, and consequently reduces the amount of Ar that is lost.
In either of the clast-free or clast-bearing cases, the relative timing of events (i.e., host
rock formation, impact timing, and isotopic analysis) strongly influences the ability
of 40Ar/39Ar geochronologists to detect Ar loss through a change in the apparent age
of sample materials. It is the most difficult to detect Ar loss from ancient materials
that promptly experience one or more impact heating events, and less challenging to
detect Ar loss if the impacts are more recent.
This observation is particularly relevant to attempts to date impact events early in
lunar history (e.g., 3.8 Ga or earlier), when the impactor flux was significantly higher
(e.g., Fassett and Minton, 2013). In particular, it may be difficult to fully resolve
40Ar/39Ar dates of distinct impact melts produced by—and/or partially degassed by—
multiple impacts over a brief period of time (a few tens to hundreds ofMa), potentially
leading to false interpretations, e.g., that a group of impact melt samples were derived
from a single basin-scale impact event. That is not to say that basin-scale impacts
did not generate enormous volumes of impact melt early in lunar history, but rather
to caution that many smaller melt-producing impacts closely spaced in time could
also produce a sample set that would give the impression of a single larger melting
event. This may be a complicating factor in efforts to investigate whether there was
a spike in the impactor flux during the putative late heavy bombardment (LHB, ca.
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4.0-3.8 Ga), especially given the alternate possibility that a monotonically-decreasing
impactor flux could, on a global scale, produce a distribution of 40Ar/39Ar dates for
lunar rocks characterized by a spike around 4 Ga (Boehnke and Harrison, 2016).
These challenges may be alleviated by employing modern instrumentation (e.g.,
low-volume, high-sensitivity noble gas mass spectrometers) and the most advanced
analytical techniques available. For example, the UVLAMP 40Ar/39Ar method can
be used to interrogate polygenetic IMBs affected by multiple, closely-timed impacts
(e.g., Mercer et al., 2015). And, cycled-temperature incremental heating experiments
combined with multiple-activation energy/multiple-diffusion domain modeling may
potentially help to distinguish between samples that experienced prolonged heat-
ing/cooling and Ar loss (e.g., in association with large basin melt sheets) and samples
that experienced brief, intense shock heating and partial Ar loss (e.g., Boehnke et al.,
2016).
Additionally, the relative timing of host formation and one or more subsequent
impacts affects the width of the zone in which Ar loss is detectable for a melt vein of
a given size. A reasonable approximation for the upper limit of the widths of such
zones in many Apollo samples can be made by assuming that an early lunar crustal
rock (e.g., with t0 = 4350 Ma) becomes the host of a melt vein near the end of the
basin-forming epoch on the Moon (for the sake of argument, at ca. ti = 3800 Ma;
Fig. 4.6). In this case, for clast-free melt veins with h = 1–2 mm, Ar loss may only be
detectable within a few hundred microns of the contact for diffusion domains with
a . 50 µm. For molten veins with h = 15–20 mm, this zone may extend up to several
millimeters from the contact, and larger diffusion domains (e.g., a up to a couple of
hundres of µm) proximal to the melt veins can experience Ar loss. With the increasing
incorporation of clasts, the widths of these zones of detectable Ar loss will shrink and
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eventually vanish (e.g., with > 40 % clasts in a 10 mm-thick melt vein; Fig. 4.10). For
a younger protolith (i.e., t0 < 4350 Ma) or an older impact melt vein (i.e., ti > 3800
Ma), the zones where Ar loss is detectable will also be thinner than the figures quoted
above, and the incorporation of clasts into melt veins will only compound the difficulty
of detecting Ar loss.
On the other extreme, where t0 is old and a melt vein forms during a recent
impact (e.g., ti << 3800 Ma), the zones of detectable Ar loss will be wider. Using
the diffusive loss results shown in Fig. 4.6 (and Fig. S4.2), and assuming t0 = 4350
Ma and ti < 500 Ma, Ar loss will be detectable in contact zones with widths on
the order of the vein width at most (at least for 1 ≤ h ≤ 20 mm). While such
samples may not be common in the Apollo sample collection, high-resolution images
taken by NASA’s Lunar Reconnaissance Orbiter Camera show visual evidence of melt
associated with small (ca. 100-m-scale), young impact craters on the Moon (Plescia
and M. J. Cintala, 2012), implying that newly assembled breccias could be composed
of older rock fragments and young melt products. Some meteorite groups, such as
the chondrites, have members that clearly experienced relatively recent impact events
(e.g., Swindle et al., 2014). For rocks like these, the careful selection of sample aliquots
or the use of in situ gas extraction techniques for 40Ar/39Ar analysis can help to
maximize potential chronological insights.
Our modeling results indicate that IMBs containing multiple generations of melt
products should retain quantitative evidence for the timing of individual impact
events, not simply the latest melting event. This is particularly true for polygenetic
IMBs containing thin (on the order of a few mm-thick or less), clast-rich melt bodies.
However, even for samples containing thicker (i.e., several mm wide or more), clast-poor
melt bodies, careful selection of analysis locations can yield important information
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regarding the diachroneity of melting events (Fig. 4.13). In cases where melt veins are
tightly clustered, the selvages of older materials between the veins may potentially
yield noticeably disturbed 40Ar/39Ar dates. However, this can also depend on the
grain size distribution of materials that are analyzed from such locations (Table 4.1).
Overall, our modeling results are consistent with the interpretations of Mercer et al.
(2015) that multiple generations of impact melt products are preserved in 73217. In
addition, our results imply that polygenetic IMBs currently in our sample collections, or
that may be collected in the future, can be highly valuable for interrogating the impact
histories of other planetary surfaces. In particular, ancient, heavily cratered planetary
surfaces, such as the South Pole-Aitken (SPA) impact basin on the Moon, are regions
where polygenetic IMBs affected by multiple impact events are likely to be located. If
future sample return missions to such regions have restricted payload capacities (e.g.,
on the order of grams or less), then UVLAMP 40Ar/39Ar geochronology of polygenetic
IMBs may be invaluable for obtaining the most chronological information possible
per gram of sample, and could aid significantly in accurately determining the age of
the SPA-forming impact. Surface assets would likely need the ability to high-grade
samples on-site to select polygenetic IMBs for return in this scenario. Alternatively,
if larger and more diverse sample sets can be returned, the application of multiple
chronometric techniques would maximize the probability of accurately determining
the age of the SPA impact.
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Figure S4.1. Thermal evolution of clast-free melt veins with thicknesses of 2, 15, and 20
mm. The top row of panels show temperature versus distance normalized by vein thickness,
h, at several times (labeled in seconds). The lower row of panels shows the T-t histories of
the host rocks at several distances from the melt vein contact. See Numerical Methods in
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Figure S4.2. Diffusive loss results for plagioclase (76535 anorthite and Plush, OR
labradorite) and Apollo 16 glass diffusion domains outside of 1 mm, 15 mm, and 20 mm
thick melt veins. Symbols represent model results; solid black lines connect the symbols.
Dashed black lines are drawn where where results would be expected for models that were
not successful. Horizontal grey dashed lines represent F values required to produce the
labeled apparent age changes (∆t in %) assuming the melt veins formed at τi = 550 Ma in
t0 = 4350 Ma host rocks (i.e., the true impact age is ti = 3800 Ma). See Numerical Methods
in the main article for modeling details, and Physical and Thermal Properties and Diffusive
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Figure S4.3. Diffusive loss results for orthopyroxene diffusion domains outside of 5 mm, 10
mm, and 20 mm thick, clast-free melt veins. Horizontal grey dashed lines represent F values
required to produce the labeled apparent age changes (∆t in %) assuming the melt veins
formed at τi = 550 Ma in t0 = 4350 Ma host rocks (i.e., the true impact age is ti = 3800
Ma). See Numerical Methods in the main article for modeling details, and Physical and
Thermal Properties and Diffusive Properties for model input parameter values.
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4.6.2 Thermal and Diffusive Loss Model Parameters
4.6.2.1 Physical and Thermal Properties
We modeled the cooling of impact melt veins with widths of 1, 2, 5, 10, 15, and 20
mm using physical and thermal properties that are reasonable for lunar IMBs. We
used a density of 3000 kg/m3 in our models as a representative value for low-porosity
lunar highlands rocks and IMBs (Kiefer et al., 2012). The density was uniform across
our numerical grid, and was held constant throughout each model run.
We chose Tpk = 1773 K as the initial temperature for molten material in the
modeled impact melt veins. While this is not the highest possible temperature
produced by impacts, it is a reasonable post-shock melt temperature (e.g., T. G. Sharp
and DeCarli, 2006) and is higher than the typical liquidus temperatures of lunar
impact melt rocks. Many lunar IMBs also contain unmelted mineral and lithic clasts
of the target rocks (e.g., melt lithologies in 73217, Mercer et al., 2015), supporting
our contention that extreme superheating of large volumes of impact melts is unlikely
to have been a common occurrence. We modeled melt veins that were clast-free as a
worst-case-scenario in terms of how much heating the host rock experiences, but we
also ran models of veins that started with 10 %, 20 %, and 40 % cold clasts by volume
to represent more commonly observed petrographic characteristics of melt veins in
lunar IMBs. For the background temperature of the host rock (and clasts), we chose
Tbg = 240 K. This value is a model estimate of the mean diurnal temperature at the
lunar equator for rocks that are more than 0.5 m below the surface, and is based on
data from the Lunar Reconnaissance Orbiter Diviner Lunar Radiometer Experiment
(Vasavada et al., 2012).
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We used a temperature-dependent model — rather than a constant value — for
the specific heat capacity, C ′p(T ), as was recommended by Ghosh and McSween (1999)
to generate more realistic thermal histories. Specifically, we used the equation
C ′p(T ) = 0.213 + 0.492× 10−4T − 0.5× 104T−2 cal/g/K, (S4.1)
where T is in K. Equation (S4.1) was determined by Horai et al. (1970) for the
Apollo 11 Type A basalt 10020 based on the modal mineralogy of the sample and
thermodynamic data for the constituent phases. Note that this equation is not valid
for temperatures below 240 K (Horai et al., 1970). For each timestep n in our thermal
model, we evaluated Eq. (S4.1) using the temperature Ti for element i, converted the
result to J/kg/K, and calculated Cpi by adding in the contribution from latent heat
using Eq. (4.4) if Ts ≤ Ti ≤ Tl.
To determine a reasonable value of L and the temperature range over which latent
heat would be released during our models, we used the program rhyolite-MELTS
v1.0.2 (Ghiorso and Gualda, 2015; Gualda et al., 2012) to perform calculations using
corrected versions of the original MELTS algorithms (Asimow and Ghiorso, 1998;
Ghiorso and Sack, 1995). We input averaged bulk-rock chemical compositions that are
representative of the melt matrixes of the Apollo 17 samples 77115 and 77135 (Winzer
et al., 1974). First, we recomputed the proportion of FeO vs. Fe2O3 in the liquid using
an initial temperature of 1773 K, a pressure of 0.5 bar, and an oxygen fugacity (fO2)
at the Fe-FeO (iron-wüstite, or IW) buffer. Next, we removed the fO2 constraint and
executed MELTS simulations of equilibrium crystallization at constant pressure as the
system cooled to a final temperature of 1173 K in increments of 0.5 K. The fO2 values
of the modeled systems remained between ca. IW to IW−2.2 during crystallization,
consistent with the fO2 values observed for many lunar rocks (e.g., J. M. Karner, 2006;
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Papike et al., 2016). The first solids in these calculations formed roughly between
1608–1632 K, and crystallization occurred over a temperature range of about 360 K.
We therefore chose Tl = 1623 K and Ts = 1263 K as reasonable liquidus and solidus
temperatures, respectively, for our thermal models. The differences in enthalpies
between Tl and Ts for each of the MELTS models were between ca. (8.3–8.5)× 105
J/kg. We therefore chose L = 8.4 × 105 J/kg when Ts ≤ Ti ≤ Tl in our thermal
models, and L = 0 J/kg otherwise.
We also employed a temperature-dependent model for the thermal diffusivity, κ(T ),
to obtain the most realistic thermal histories possible near the contact between the
melt vein and the host rock (Nabelek et al., 2012). In particular, we used the equation
κ−1(T ) = 0.314× 102 + 0.378T s/cm2, (S4.2)
where T is in K. Equation (S4.2) was determined by Horai et al. (1970) by fitting
experimental periodic heating data for lunar basalt 10020. For each timestep n in
our thermal model, we evaluated Eq. (S4.2) using the temperature Ti for element i,
calculated the multiplicative inverse, and converted the result to m2/s. Next, we used
this converted value, κi, to determine the thermal conductivity of element i using the
relation ki = κiρiCpi .
It is worth noting that many of the estimates of thermal parameters (i.e., Cp, k, κ,
etc.) for lunar materials are for the lunar regolith (e.g., Kiefer, 2012; Lucas, 1972)
rather than crystalline rocks. Further, the experimentally constrained estimates that
are available for lunar rocks are somewhat dated (e.g., Fujii and Osako, 1973; Horai
et al., 1970; Robie et al., 1970), and are typically restricted to a narrow temperature
range (beyond which they do not necessarily extrapolate well) compared to more
recent studies of terrestrial rocks (e.g., Nabelek et al., 2010; Romine et al., 2012;
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D. W. Waples and J. S. Waples, 2004; Whittington et al., 2009). Additional work to
constrain the temperature- and composition-dependence of specific heat capacity for
planetary materials would enhance the accuracy of thermal modeling in planetary
science (Ghosh and McSween, 1999).
4.6.2.2 Sensitivity of Thermal Model to Changes in Thermal Parameters
We performed a series of sensitivity tests to explore how peak temperatures in
the host rocks (Tcrx−pk) changed due to different input values for: (1) the peak
temperature of the melt (Tpk); (2) the density of the system (ρ); (3) the latent heat
(L); and (4) the solidus and liquidus temperatures (Ts and Tl). Table S4.1 shows the
results of these tests for a 5 mm-thick melt vein that is clast-free. Changes in peak
temperatures are determined relative to the nominal case and expressed as percentages,
i.e., ∆Tn ≡ 100 · (Tcrx−pk/Tnominal − 1).
Changing the initial temperature of the melt by ±100 K causes changes in the
peak temperatures of proximal host rocks (within about 1 mm of the contact) on the
order of a few percent. The effects become more pronounced with increasing distance
from the vein contact. Changes in the density of the system of ±10 % have virtually
no effect on the thermal evolution of the host rocks (i.e., ∆Tn << 1 %).
Variations in the value of the latent heat, L, have small effects on the peak
temperatures of the host rocks within about 100 µm of the contact (∆Tn . 1 %),
and more pronounced effects farther from the contact (on the order of a few percent).
This likely reflects buffering near the solidus temperature at the contact as the host
rocks begin to melt, while sub-solidus temperatures farther from the contact rise or










































































































































































































































































































































































































































































































































































































































































































































Changes in the solidus and liquidus temperatures (keeping Tl − Ts = consant) of
±50 K have pronounced effects on the thermal evolution of the host rocks immediately
adjacent to the contact (∆Tn on the order of a few percent). This is because the
temperatures of the host rocks within a few tens of µm of the contact are buffered
near the solidus temperature until the vein begins to solidify. The effects of changing
Ts and Tl grow smaller with increasing distance from the contact.
4.6.2.3 Diffusive Properties
To model the diffusive loss of Ar from Ca-rich plagioclase, we chose to use the
diffusive parameters published by Cassata and Renne (2013) for labradorite crystals
(An63.9Ab35.4Or0.7) from a basaltic lava flow near Plush, Oregon, USA. Cassata and
Renne (2013) performed temperature-controlled heating experiments on individual
cleavage flakes (with known thicknesses), and extracted diffusion coefficients by
regressing the results (based on measurements of 37Ar for temperature steps below
ca. 625 ◦C) in Arrhenius space (loge(D/a2) vs. T−1) assuming an infinite sheet
geometry. The diffusion parameters obtained for cleavage flakes of the Plush labradorite
are loge(D0) = −8.1 loge(m2/s) and Ea = 224.0 kJ/mol. We also ran models
with the diffusive parameters that Cassata and Renne (2013) reported for anorthite
(An96.2Ab3.5Or0.3) from the Apollo 17 sample 76535. Specifically, we used Ea = 196.1
kJ/mol, and loge(D0/a2) = 5.4 loge(1/s). We estimated the volume of the analyzed
grain using the published mineral composition and the total 37Ar released during the
step-heating experiment (Cassata and Renne, 2013), as well as irradiation information
for Ca-bearing standards and the sensitivity of the mass spectrometer that was used
in the experiments (personal communication, 2016, W. Cassata and M. Tremblay).
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From this volume estimate, we calculated the corresponding radius for a sphere to
be ca. aref = 578 µm. We then used this reference radius to compute a value of
loge(D0) = −10.7 loge(m2/s) that we assigned to our diffusive loss models for the
76535 anorthite.
To model the diffusive loss of Ar from glass in IMBs, we chose to use diffusive pa-
rameters published by Gombosi et al. (2015). They performed temperature-controlled
heating experiments to determine the diffusion coefficients for glass spherules (with
known diameters) from the Apollo 16 regolith sample 61502. The Apollo 16 glasses
are likely some of the least retentive of the lunar glasses in our sample collections
since they fall near one compositional extreme and exhibit relatively low degrees of
polymerization (Gombosi et al., 2015). We selected diffusive parameters derived from
measurements of 39Ar of two glass spherules. For 61502,13_3 we used Ea = 69.58
kJ/mol and loge(D0) = −27.44 loge(m2/s) (determined from temperature steps below
ca. 610 ◦C), and for 61502,3_5 we used Ea = 85.40 kJ/mol and loge(D0) = −26.02
loge(m
2/s) (determined from temperature steps below ca. 670 ◦C).
To model the diffusive loss of Ar from pyroxenes, we used diffusive parameters
published by Cassata et al. (2011) that were obtained from temperature-controlled step-
heating experiments on gem-quality clinopyroxene and orthopyroxene. In particular,
we used Ea = 379.2 kJ/mol and loge(D0) = −8.9 loge(m2/s) for clinopyroxene, and
Ea = 371.0 kJ/mol and loge(D0) = −2.86 loge(m2/s) for orthopyroxene. These
parameters were obtained from experimental data for several grains of each pyroxene
type using temperature steps generally between ca. 900–1400 ◦C.
The diffusivities of the Ca-rich plagioclase, Apollo 16 glasses, and pyroxenes that we
modeled are plotted in Arrhenius space in Figure S4.4. It is important to note that we
have extrapolated the diffusivity of the plagioclase and glasses up to about 1000 ◦C, a
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Figure S4.4. Arrhenius relationships based on our selection of Ea and loge(D0) values for
Ca-rich plagioclases, Apollo 16 glasses, and pyroxenes (see text for details). The range of
temperatures shown here corresponds to the temperature extremes experienced within the
host rock adjacent to the modeled melt veins.
few hundred degrees above the temperature ranges over which they are experimentally
constrained. We recognize that many experimental datasets of diffusion in feldspars
and glasses, including those published by Cassata and Renne (2013) and Gombosi et al.
(2015), exhibit non-linearity in Arrhenius space above experimental temperatures of
ca. 600–700 ◦C, but below the respective melting temperatures of the phases. While
the precise causes are debated, Arrhenius non-linearity in feldspars may arise from
the progressive exhaustion of multiple diffusion domains, changes in mineral structure
induced by laboratory heating, variations in the dominant mechanism(s) of diffusion,
or some combination of the three (see, for example, the discussion and references
in Cassata and Renne (2015), Cassata and Renne (2013), and Lovera et al. (2015)).
For the Apollo 16 glasses and other synthetic polymers, Arrhenius non-linearity at
elevated experimental temperatures has been attributed to changes in the state of
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polymerization preceding melting that alters the diffusion kinetics (Gombosi et al.
(2015) and references therein).
The character and degree of Arrhenius non-linearity is sample dependent, and,
importantly, can be affected by the heating schedule used in laboratory diffusion
experiments if multiple sub-grain diffusion domains are present (e.g., Harrison et al.,
1991; Lovera et al., 1989; Lovera et al., 1991) and/or if thermally activated structural
changes are kinetically controlled (Cassata and Renne, 2013). Laboratory heating
steps typically range from tens of minutes to several hours, which can be significantly
longer than the thermal pulses associated with the formation of thin melt veins
(see Model Results and Interpretations). While some changes in material structures
occur rapidly (e.g., thermal expansion, which requires fractions of a second), other
transitions have higher potential energy barriers that must be overcome during heating
that restrict the speed of the structural change (e.g., changes in unit cell dimensions
and angles, and cation coordination; Cassata and Renne (2013)). It is unclear from
experimental datasets whether major structural changes—and the consequent changes
in the diffusivity of Ar—can effectively occur in materials subjected to transient
(seconds- to minutes-long), high-temperature thermal pulses. We have therefore
chosen to neglect the high-temperature non-linear Arrhenius behavior of plagioclase
and glass.
4.6.3 Nomenclature for Thermal and Diffusive Loss Models
The mathematical nomenclature that we have adopted to describe our thermal
and diffusive loss models is described in Table S4.2.
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Table S4.2. Summary of the nomenclature used in this paper.
Symbol Explanation
xi Boundary position of element i in the finite difference thermal model
x¯i Center position of element i in the finite difference thermal model
δxi Width of element i in the finite difference thermal model
h Full width of melt vein
~F Thermal flux (W/m2 uˆ, where uˆ is the unit vector in the direction of ~F )
ρ Rock density (kg/m3)
Cp Specific heat capacity (constant pressure; J/kg/K)
k Thermal conductivity (W/m/K)
κ Thermal diffusivity (m2/s)
L Latent heat (J/kg)
T Temperature (K or ◦C)
a Outer radius, or effective diffusion dimension, of spherical diffusion domains (µm)
D Diffusivity, e.g., of Ar in minerals and glass (m2/s)
D0 Diffusivity at infinite temperature (m2/s)
Ea Activation energy, e.g., of Ar in minerals and glass (kJ/mol)
R Ideal gas constant (kJ/mol/K)
t Time in thermal models (generally units of s). Represents age in diffusive loss model
results (generally units of Ma or Ga); subscripts indicate particular ages, e.g., t0 is the
host rock age, ti is the “actual” impact age, ta is the apparent age, etc.
τ Time after host rock formation (or other reference event; generally units of Ma or Ga);
subscripts indicate particular times, e.g., τ0 = 0 is the time of host rock formation, τi is
the time of impact, τm is the time of measurement, etc.
∆t Change in the apparent age compared to an undisturbed sample, i.e., ∆t = t0 − ta;
expressed in absolute units (e.g., Ma) or as a percentage of t0
λ The 40K decay constant (generally units of a−1)
n∗d/np Ratio of radiogenic daughter atoms to radioactive parent atoms
ν(τ) The n∗d/np ratio, as a function of time after host rock formation (τ), in an undisturbed
sample
η(τ) The n∗d/np ratio, as a function of time after host rock formation (τ), in a singly or
multiply disturbed sample
F The fraction of 40Ar* lost at the time of a thermal event, e.g., melt vein injection;
subscripts indicate particular Ar loss events
α The fraction of 40Ar* retained by a disturbed sample at the time of measurement
(present day) compared to an undisturbed sample, integrated over one or more Ar loss
events and periods of radiogenic ingrowth
β The fraction of 40Ar* lost by a disturbed sample at the time of measurement (present
day) compared to an undisturbed sample, integrated over one or more Ar loss events
and periods of radiogenic ingrowth
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5.1 Abstract
For many analyzed samples of impact melt breccias, varying degrees of radiogenic
Ar loss resulting from post-impact heating pose a challenge to robust geological
interpretations of 40Ar/39Ar dates. Most of the evidence used to argue that such loss
has occurred in a sample is derived from incremental heating experiments on whole-
rock samples. Samples that yield young steps in the early, low-temperature stages of
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such experiments, but progressively older steps at higher temperatures, are suspected
of experiencing Ar loss. However, these experiments provide limited information
about whether or not loss is preferential in certain glasses, minerals, or polyphase
domains. Ultraviolet laser ablation microprobe (UVLAMP) 40Ar/39Ar dating of the
Apollo 17 impact melt rock 77135 provides evidence of geochemical controls. We used
the UVLAMP method to date clasts and melt in 77135 at high spatial resolution.
We found that K-rich glass and K-feldspar in the mesostasis are likely the dominant
sources for the low-temperature portions of the gasses released in whole-rock 40Ar/39Ar
incremental release spectra for this rock, while Ca-rich plagioclase and pyroxene in
oikocryst cores contribute gas predominantly to the intermediate- to high-temperature
steps. While some clasts of Ca-rich plagioclase are distinctly older than the melt,
we found several clasts to be younger than the oldest melt components in 77135,
and we consider 39ArK recoil to be an unlikely mechanism in this case. Overall, our
results complement published incremental heating 40Ar/39Ar datasets. Combined
petrographic and multi-chronometric studies of returned samples will maximize the
potential insights into the bombardment histories of planetary surfaces visited by
robotic and human explorers.
5.2 Introduction
Isotopically dating major melt-producing impact events, mare basalts, and other
lunar materials is fundamental to our understanding the evolution of the Moon. For
example, the geochronology of impact melt products provides the foundation for
many estimates of the ages of major lunar impact basins like Nectaris, Crisium,
Serenitatis, and Imbrium (e.g., Dalrymple and Ryder, 1993; Grange et al., 2009;
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Liu et al., 2012; Norman et al., 2010; Norman et al., 2016; Stöffler et al., 2006;
Turner and Cadogan, 1975). The geochronology of mare basalts helps to tie crater
size-frequency distributions (CSFDs) to radiometric time, allowing the ages of cratered
surfaces of inner-Solar System planetary bodies to be inferred (e.g., Hartmann, 1977;
Neukum et al., 2001; Neukum et al., 1975b; Robbins, 2014; Schmedemann et al., 2014;
Stöffler et al., 2006). Interpretations of geological age-significance commonly hinge
on the precision and accuracy of radiometric dates, either directly (e.g., for basin
age estimates) or indirectly (e.g., for CSFD model ages). Notably, many efforts to
study the bombardment history of the Moon and other planetary bodies rely on dates
obtained using the 40Ar/39Ar method.
One of the major challenges in 40Ar/39Ar geochronology of extraterrestrial materials
stems from the commonly complex thermal histories of samples, and the consequent
partial loss of radiogenic 40Ar (40Ar*). Among the first applications of the 40Ar/39Ar
technique (Merrihue and Turner, 1966) were incremental heating experiments on whole-
rock samples. The data generated by these experiments were commonly displayed as
release spectra, and the forms of those spectra were used to distinguish undisturbed
samples from those that exhibited evidence for open-system behavior (e.g., Dalrymple
and Lanphere, 1974; Fitch et al., 1969; Lanphere and Dalrymple, 1971; McDougall
and Harrison, 1999; Turner, 1968). For samples that have experienced post-formation
Ar loss (e.g., by slow cooling or reheating), age spectra are generally expected to
exhibit lower apparent ages at low experimental temperatures and higher apparent
ages at high experimental temperatures. If several higher-temperature steps form
a “plateau”—which has historically had a variety of definitions, see for example
McDougall and Harrison (1999) and references therein—then a weighted mean of
those steps is commonly interpreted as the age of the sample.
181
Another way to explore apparent 40Ar/39Ar age variations caused by Ar loss is
through the use of laser microprobe technologies to date materials in thin section
(e.g., K. V. Hodges, 1998 and references therein). While infrared (IR) lasers have been
used to study a number of lunar samples in situ (e.g., Eichhorn et al., 1978; Eichhorn
et al., 1979; Müller et al., 1977; Plieninger and O. A. Schaeffer, 1976), ultraviolet laser
ablation microprobe (UVLAMP) systems have the advantage that there is effectively
no collateral heating of materials outside of the ablation pits (Mercer et al., 2015),
thus providing high spatial resolution and the ability to isolate and date minerals,
glasses, and small polymineralic domains in petrographic context. Here we capitalize
on this opportunity to explore the meaning of the classic diffusive loss signature in
lunar impact breccias in greater detail. Our study focuses on Apollo 17, Station 7
sample 77135, which is know to yield release spectra of this type (Dalrymple and
Ryder, 1996; Stettler et al., 1974; Stettler et al., 1975; Stettler et al., 1978; Turner
and Cadogan, 1975).
5.3 Sample 77135
Several boulders that have rolled down the South and North Massifs and left
visible tracks were among the high-priority exploration targets that the Apollo 17
crew investigated during their mission to the Taurus-Littrow Valley of the Moon
(Schmitt, 1973). The boulder at Station 7, located at the base of the North Massif, is
polylithologic. The oldest lithology is a meter-scale brecciated noritic clast (represented
by sample 77215) that is cut by thin, dark dikes (77075) and surrounded by a blue-gray
impact melt breccia (77115). This assemblage of lithologies is enclosed by a vesicular,
light-gray (also described as tan-gray to green-gray) impact melt breccia, which was
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the source of sample 77135 (Butler and Dealing, 1974; Minkin et al., 1978; Schmitt,
1973).
The general petrography of 77135 has been described previously (e.g., Chao et al.,
1974; McGee et al., 1980; Ryder, 1993b). The sample has two distinct textural
zones: a coarser-grained unit with large vesicles (ca. 100–500 µm in diameter), and
a finer-grained unit—typically surrounding or adjacent to troctolitic lithic clasts—
with vesicles between 50–150 µm in diameter. Both textural units contain mineral
fragments, mostly of plagioclase and olivine, though mineral clasts are more abundant
in the coarser fraction. The crystalline matrixes of the two units are poikilitic, with
prominent development of poikilitic pyroxene that enclose subhedral to euhedral
laths of calcic plagioclase. In the coarser fraction pyroxene oikocrysts are commonly
ca. 200–600 µm across (with some over 1 mm), while oikocrysts are generally ca.
75–200 µm across in the finer-grained fraction. The finer-grained unit also contains
olivine-plagioclase aggregates that are roughly the same size as the pyroxene oikocrysts.
Regions between oikocrysts generally contain plates of ilmenite (plus granular olivine
grains in the coarser fraction) and mesostasis.
Several incremental heating 40Ar/39Ar experiments have been performed on the
melt matrix and lithic clasts of 77135, most of which were conducted as part of an
interdisciplinary study of the Station 7 boulder during the 1970’s (Dalrymple and
Ryder, 1996; Stettler et al., 1974; Stettler et al., 1975; Stettler et al., 1978; Turner
and Cadogan, 1975). Release spectra of both melt and lithic clasts indicate that the
sample experienced post-formation Ar loss (Fig. 5.1). Notably, release spectra of
melt aliquots do not satisfy conventional definitions for 40Ar/39Ar plateaux (see for
example definitions in McDougall and Harrison, 1999), though some authors noted that
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Figure 5.1. Compilation of published 40Ar/39Ar release spectra for aliquots of melt and
lithic clasts from 77135 (Dalrymple and Ryder, 1996; Stettler et al., 1974; Stettler et al.,
1975; Stettler et al., 1978; Turner and Cadogan, 1975). All dates quoted in this paper have
been recalculated with the ArAR software of Mercer and K. V. Hodges, 2016 to use the 40K
decay constants of Steiger and Jäger, 1977 and an internally consistent set of standard ages;
see Table S5.1 for details.
approached those of clast plateau dates and a Rb/Sr internal isochron for 77135
(Stettler et al., 1975). Because of the lack of 40Ar/39Ar plateaux for melt aliquots, an
average of clast plateau dates, 3834± 39 Ma, was interpreted by Stettler et al. (1978)
as the age of 77135. (All uncertainties reported for dates in the text will be given
at the 2σ level unless otherwise noted.) Later, Dalrymple and Ryder (1996) used
improved instrumentation to re-examine 77135 melt, but did not obtain an 40Ar/39Ar
plateau and instead quoted only a minimum age of ca. 3775 Ma.
5.4 Methods
Two petrographic sections were prepared of the coarse-grained melt type with large
vesicles in 77135. One is a polished “thick” section, 77135,209 (ca. 100 µm-thick), and
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the other is a polished “thin” section, 77135,210 (ca. 32 µm-thick). The sections were
prepared at the NASA Johnson Space Center using cyanoacrylate as the mounting
medium instead of epoxy to prevent the introduction of organic compounds into the
mass spectrometer during UVLAMP 40Ar/39Ar analyses. Backscattered electron (BSE)
and x-ray elemental maps were made of both sections using the JEOL JXA-8200
electron probe microanalyzer (EPMA) at Washington University in St. Louis to help
plan the UVLAMP analytical campaign. In particular, x-ray intensity maps of Al, Mg,
Fe, Si, and K were used in conjunction with the BSE mosaic to help target UVLAMP
analyses within oikocryst interiors and along boundaries between oikocrysts. The
EPMA was operated with a 15 kV accelerating potential and a 10 nA beam current.
High-magnification x-ray element maps were acquired for selected regions of 77135,210,
along with several quantitative analyses of individual phases using the wavelength
dispersive spectrometers (WDS) and a 1 µm-diameter beam size.
The details of our UVLAMP 40Ar/39Ar methods are nearly identical to those of
Mercer et al. (2015); the basic aspects, pertinent changes, and parameter values
relevant to our study of 77135 are described below. A roughly 9 mm × 9 mm
subsection, which we designate 77135,209,1, was removed from the thick section and
irradiated for approximately 115 hours in the CLICIT facility of the OSU TRIGA
reactor in Corvallis, Oregon, USA (see Table S5.2 for detailed irradiation chronology).
77135,209,1 was coirradiated with grains of the PP20 (Hb3gr) hornblende standard
(1078.9 ± 4.6 Ma, 1σ; Mercer et al., 2015) to determine the irradiation parameter,
J , and CaF2 salts and kalsilite shards to determine interfering nuclear production
ratios. All grains/shards of PP20, CaF2, and kalsilite were analyzed in the Group 18
Laboratories (G18L) at Arizona State University (ASU) using a Photon Machines
55W CO2 laser to extract sample gases. The extracted gases were cleaned with two
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SAES GP50 getters (one operated at 450 ◦C, and one at room temperature), and
argon isotopes were measured with a Nu Instruments Noblesse high-sensitivity mass
spectrometer equipped with a Neir-type source. The production ratios determined
from CaF2 and kalsilite in this irradiation package (lab designation OSU 2) overlap
with those determined from three other OSU irradiation packages, so we used the
grand means of the production ratios from all four irradiations (OSU 1–3, and 5). See
Table S5.3 for the J value and grand mean production ratio values.
UVLAMP 40Ar/39Ar analyses were conducted in the G18L at ASU. We used a
NewWave Research UP193X ultraviolet (193 nm) ArF pulsed laser to create 60–
175 µm-diameter near-cylindrical pits with typical depths between 24–70 µm, and
at most 90 µm. The extracted sample gas was purified using two SAES NP10
getters (one operated at 400 ◦C, and one at room temperature) and equilibrated
into a Nu Instruments Noblesse multi-collector mass spectrometer operated in single-
collector mode for isotopic measurements. We performed corrections for detector
baselines, bracketing measurement blanks, instrument mass discrimination, interfering
“nucleogenic" isotopes produced during irradiation, the decay of 39Ar and 37Ar after
irradiation, and cosmogenic isotope production in the lunar environment. Cosmogenic
corrections were made assuming that the measured 38Ar and 36Ar represented a simple
mixture of cosmogenic and solar components. Several analyses had 38Ar/36Ar values
higher than the cosmogenic value; in these instances, we assumed that all of the
measured 36Ar was cosmogenic, resulting in apparent age changes of less than 0.03 %.
Model dates were calculated for individual spot fusion analyses assuming a value
of 40Ar/36Ar = 1± 1 (1σ) for trapped lunar argon. Ca/K ratios were calculated by
multiplying the decay- and nucleogenic-corrected 37Ar/39ArK ratios of the unknown
by the quantity [(Ca/K)/(37Ar/39ArK )]PP20 = 1.862± 0.026 (2σ), determined using
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measurements of our irradiated PP20 monitors and the published chemical composition
(Jourdan et al., 2006). Detailed data reduction procedures are given in Mercer et al.
(2015). Following isotopic analyses we inspected each ablation pit under a microscope,
and used an ADE Phase Shift MicroXAM white light interferometric profilometer to
estimate pit volumes. A summary of our UVLAMP 40Ar/39Ar data for 77135,209,1 is
available in Table S5.3.
5.5 Results
5.5.1 EPMA
Backscattered electron (BSE) image mosaics and x-ray element maps of K are
shown for the studied thick section in Figure 5.2 with and without circles indicating the
locations and laser footprints of UVLAMP 40Ar/39Ar analyses. The sections 77135,209
and 77135,210 have large vesicles ranging in size from ca. 100 µm to ca. 1.5 mm, and
contain clasts of Ca-rich plagioclase and olivine, and 77135,210 contains two small
(<500 µm) lithic clasts (Fig. S5.1). Fe metal blebs and metal-Cr-spinel assemblages
are present, typically at vesicle walls, and range in size from ca. 40–400 µm. The
melt matrix has a poikilitic texture, with laths of plagioclase enclosed in pyroxene
oikocrysts. High-magnification BSE images and x-ray elemental maps of two regions
that are representative of inter-oikocryst mineral assemblages in thin section 77135,210
are shown in Figure 5.3. These regions contain granular olivine, calcic plagioclase,
ilmenite, and pockets of mesostasis, which consist of potassic glass and K-rich feldspar.
Quantitative WDS analyses were obtained for several representative phases in thin




Figure 5.2. BSE image mosaics (a–b) and K x-ray elemental maps (c–d) of the studied
section of 77135. The white and gray circles in (b) and (d) indicate the locations and laser
footprints of UVLAMP 40Ar/39Ar analyses for melt and clasts, respectively; gray-white circles
represent analyses of mixed melt and clast materials. Note that some analysis locations in
the melt were targeted because of the clear presence of K-rich phases (Fig. 5.3), while other
analysis locations were targeted because they lacked K-rich phases. White box indicates
enlarged region shown in Fig. 5.5.
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Figure 5.3. BSE images (a, e) and x-ray elemental maps (b–d, f–h) of representative
inter-oikocryst assemblages in 77135,210. Panels (b) and (f) are K x-ray intensity maps;
(c) and (g) are RGB composite images with Al in red, Mg in green, and Fe in blue; (d)
and (h) are Si x-ray intensity maps. In the RGB maps (c, g), olivine appears bright green,
pyroxene is dark green, plagioclase is red, and ilmenite is blue. Potassic glass appears with
intermediate K x-ray intensity and high Si x-ray intensity, and K feldspar has high K x-ray
intensity and intermediate Si x-ray intensity.
feldspar and glass. Because of the fine-grained nature of the potassic assemblages,
particularly the K-feldspars, individual phases could not be targeted in isolation with
the electron beam.
5.5.2 UVLAMP
We targeted 44 small volumes of impact melt with the UVLAMP system, both in
oikocryst interiors that lack K-rich glass and feldspar and along oikocryst boundaries
where these K-bearing phases are present. In addition, we analyzed 18 calcic plagioclase
clasts, and two domains that were a mixture of minerals the melt and entrained
plagioclase clasts. Because the clasts are so K-poor, we sometimes combined the gas
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Figure 5.4. UVLAMP 40Ar/39Ar dates plotted against Ca/K ratio for 64 analyses of
77135,209,1. Panel (a) shows results for analyses of melt, clast, and mixed melt+clast
materials. The inset indicates the region shown in (b) for melt analyses only.
released from multiple ablation pits, reducing spatial resolution to achieve higher
age precision. During visual inspections of the ablation pits under a microscope, we
identified one pit where the laser had ablated through the targeted plagioclase clast
into the surrounding melt matrix and a vesicle. We therefore treat this analysis (lab
ID 784-37) as a melt-clast mixture.
Model 40Ar/39Ar dates are highly dispersed, ranging from ca. 3810–3360 Ma for
the melt and between ca. 4190–3660 Ma for plagioclase clasts (Fig. 5.4; Table S5.3).
Ca/K ratios range from ca. 6–101 for the melt, and from ca. 109–1450 for the clasts.
Notably, the six UVLAMP analyses of the mm-scale plagioclase clast (see Fig. 5.2)
yielded 40Ar/39Ar dates ranging from 4194± 27 Ma—the oldest analyzed in this thick
section—down to 3824± 27 Ma. The two oldest dates in this crystal occur at one of
the grain edges and in a portion of the interior, while the two youngest dates occur
at a different edge and in a different portion of the interior; all six analyses have
indistinguishable Ca/K ratios of ca. 126 (Fig. 5.5; Table S5.3; Fig. S5.2).
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Figure 5.5. Detailed view of the distribution of UVLAMP 40Ar/39Ar dates in the large
plagioclase clast in 77135. Panel (a) shows a BSE image mosic of the clast and surrounding
melt, with ablation pit locations and laser footprint sizes. Panel (b) is a schematic diagram of
the same area, with UVLAMP 40Ar/39Ar lab IDs and dates (in Ma) shown for each analysis.
v = vesicle.
The two analyses where we deliberately targeted mixtures of melt and clast
materials have dates of ca. 3774 Ma and 3638 Ma, and Ca/K ratios of ca. 66 and 88,
respectively. The clast analysis where we inadvertently ablated into melt materials
has a date of ca. 3230 Ma, and a Ca/K ratio of ca. 30. Roughly half of the clast dates
that we obtained are distinctly older than any melt analyses (including five of the six
analyses in the mm-scale clast), while the remaining half overlap with the upper end
of the distribution of melt dates. Interestingly, two of the smallest clasts we analyzed
with diameters of ca. 145 µm and ca. 175 µm have apparent ages of ca. 3880 Ma
and ca. 3660 Ma, respectively, while several larger clasts have intermediate apparent
ages. All UVLAMP clast analyses have higher Ca/K ratios than those of melt or
mixtures of melt and clast materials. Notably, the oldest UVLAMP 40Ar/39Ar dates
for melt generally have higher Ca/K ratios than melt analyses with intermediate to
low apparent ages (Fig. 5.4 (b)).
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5.6 Discussion
5.6.1 New Insights Regarding the Interpretation of Bulk-Sample Diffusive Loss
Spectra for 77135
While release spectra such as those shown in Fig. 5.1 are reasonably interpreted
as indicating an impact melt age of >3775 Ma and one or more subsequent 40Ar
loss events, the specifics of how the 40Ar loss was accommodated cannot be deduced
uniquely from the incremental heating data. Laser microprobe dating provides new
insights. Two important first-order observations from the UVLAMP data are: (1) that
melt analyses typically yield younger model dates than clasts; and (2) that, considering
only the melt analyses, model age correlates strongly with Ca/K. Within the matrix
domains, oikocryst interiors generally have higher Ca/K ratios and older apparent ages
than oikocryst margins, where K-rich phases are concentrated in pockets of mesostasis
(Figs. 5.2 and 5.4). Clearly the poikilitic plagioclase and enclosing pyroxene are
the most retentive phases in 77135, while the K-rich phases in the mesostasis have
experienced greater degrees of Ar loss. It is interesting that the UVLAMP 40Ar/39Ar
dates of mesostasis-rich materials, which generally have Ca/K ratios less than about
30, span a period of over 250 Ma, even for the most potassic analyses.
A possible explanation for this apparent age dispersion is evident in the high-
magnification BSE images and x-ray element maps of mesostasis regions, which contain
both K-rich feldspar and glass (Fig. 5.3). Experimentally determined parameters
for Ar diffusion in these phases are distinct; for example, the activation energy (Ea)
and pre-exponential constant (D0) for Ar diffusion in Apollo 16 glasses are both
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Figure 5.6. The Ca/K ratios measured by EPMA for several phases in 77135 (black
rectangles), sorted in ascending order. The gray shaded region denotes the range of Ca/K
ratios determined by UVLAMP 40Ar/39Ar analyses of melt.
pyroxenes (Cassata and Renne, 2013; Cassata et al., 2011; Gombosi et al., 2015). In
general this makes glass more susceptible to Ar loss, particularly at lower temperatures,
compared to feldspars (though this may not always be the case depending on the
duration and intensity of heating that samples experience). In the case of 77135,
it seems likely that glass in the mesostasis experienced more Ar loss than feldspars
and pyroxenes in the sample. The variation in UVLAMP 40Ar/39Ar dates may then
be simply explained based on variations in the mineralogy of ablated volumes in
77135,209.
Because of the relatively large diameter of the laser beam footprint compared to
phases in the melt matrix of 77135, each UVLAMP analysis represents an average
of the gas released from the ablated materials. Thus, ablation pits in oikocryst
interiors should primarily represent gas released from Ca-rich plagioclase and pyroxene.
Ablation pits along oikocryst margins should incorporate significant proportions of
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gas released by additional phases like K-rich feldspar and glass (plus gas released from
olivine and/or ilmenite, if any). This is supported by the Ca/K ratios determined
with the UVLAMP system, which span a range of values between those determined
by EPMA for plagioclase in the melt, and K-rich glass and feldspar in the mesostasis
(Fig. 5.6). We interpret the variation in apparent age for the UVLAMP analyses with
the lowest Ca/K ratios to represent differences in the proportions of K-rich glass and
K-feldspars between ablation volumes. In this case, analyses with older apparent ages
likely had a greater proportion of K-feldspar compared to glass in the ablated volume,
and analyses with younger apparent ages likely had a greater proportion of K-rich
glass compared to K-feldspar.
Figure 5.7 shows our UVLAMP 40Ar/39Ar data compared to the distribution of
published release spectra for 77135. (Note that the UVLAMP data are plotted as if
they represented a release spectrum for illustrative purposes only, and are not subject
to common interpretive schemes used for release spectra from incremental heating
experiments.) It is clear from Fig. 5.7 that our UVLAMP 40Ar/39Ar results are broadly
consistent with incremental heating datasets. Notably, the low-temperature steps of
published release spectra for both melt and clast materials have younger apparent
ages than any determined by the UVLAMP 40Ar/39Ar method. The lower Ca/K
ratios for those low-temperature steps indicates that gas was preferentially released
from lower-retentivity potassic domains (which possibly includes some unknown, but
likely minor, contribution from more retentive domains). Because of the large beam
footprint of even our smallest ablation pits compared to the sizes of K-rich mesostasis
phases, we could not analyze these materials in isolation. The steady increase in Ca/K
ratios for the published incremental release spectra likely reflects gas mixtures that
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Figure 5.7. Comparison between UVLAMP 40Ar/39Ar data and published step-heating
data for melt and clasts in 77135. For illustrative purposes, the UVLAMP data are shown
as if they represent a release spectrum, with apparent ages sorted in ascending order and
“step" widths determined by the fraction of the total 39Ar released by all melt/clast analyses.
UVLAMP analyses of mixed clast and melt materials are labeled and included with the clast
analyses. The lighter gray regions envelope the published release spectra for melt and clast
materials (see Fig. 5.1).
glass, K-feldspar, Ca-rich plagioclase and pyroxene, and finally to gas mixtures from
plagioclase (from both the melt and inherited clasts) and pyroxene. It is possible that
the reductions in apparent ages at high temperatures in a few published melt release
spectra were due to one or more small young clasts (like those analyzed here, with
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diameters of hundreds of µm) that were present in the analyzed aliquots (which were
on the order of tens of mg in mass; e.g., Stettler et al., 1974) rather than recoil of
39ArK.
5.6.2 A New Constraint on the Age of the 77135 Impact Melt
Because published release spectra of melt aliquots from 77135 failed to form
plateaux, previous workers hesitated to make strict interpretations about the age
of the impact event that produced the melt in 77135 (e.g., Dalrymple and Ryder,
1996; Stettler et al., 1974; Stettler et al., 1975; Turner and Cadogan, 1975). Due to
the nature of bulk-sample experiments, some of the lack of interpretive clarity might
be traced to the contamination of the analysts’ melt aliquots by unrecognized clast
material. In theory, our ability to isolate melt components that are more probably
free of clast materials might result in better resolution of the 40Ar/39Ar age of the
melt component. Unfortunately, our UVLAMP melt dates are broadly dispersed
(Fig. 5.4 (b)). Based on evidence that 40Ar loss from this sample correlates with
potassium content, a reasonable approach to estimating the age of melting is that it
must be older than the apparent ages of the highest Ca/K melt analyses. The inverse
variance-weighted mean of the nine model dates for melt aliquots with Ca/K > 80 is
3746± 19 Ma, where the 2σ uncertainty has been multiplied by the square-root of
the mean squared weighted deviation (MSWD; Wendt and Carl, 1991) to account for
over-dispersion of the dates. (For these analyses, the MSWD is 4.86.) This represents
a conservative estimate of the minimum age of the melt. A less conservative estimate
of the minimum age can be made using the oldest melt analysis (lab ID 780-55):
3808± 29 Ma. This estimate is slightly older than the 3775.2± 8.0 Ma minimum age
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estimate of Dalrymple and Ryder (1996), and is comparable to many of the apparent
ages of intermediate temperature steps reported by Stettler et al. (1974), Stettler et al.
(1975), and Turner and Cadogan (1975); see Fig. 5.7.
5.6.3 Evidence for Complexity in the 40Ar/39Ar Systematics of 77135 Clasts
The pattern of 40Ar/39Ar dates obtained for the mm-scale plagioclase clast was
unexpected (Fig. 5.5). The oldest apparent age in the clast corresponds to a series of
adjacent ablation pits along one grain margin (lab ID 780-41). While it is possible
that this date is anomalously old and reflects the presence of unsupported or “excess”
40Ar (Kelley, 2002), we consider this to be unlikely for two reasons: (1) microscopic
analysis of the section revealed no evidence for inclusions that could have been carriers
of excess 40Ar, and the effectively uniform Ca/K ratios of all six analyses for this clast
argue against unseen inclusions; and (2) other rims of the crystal are not old, which
would be expected if there were uniform inward diffusion of 40Ar, as was documented
by Müller et al. (1977) in a clast of anorthosite in Apollo 17 sample 73215. A more
likely explanation for why the oldest material in the grain is along one margin is that
the clast is a fragment of a larger crystal that was broken when entrained in the melt.
Such an interpretation would require that the crystal did not subsequently experience
fragment-scale diffusive loss of radiogenic 40Ar in an amount that can be distinguished
within the precision level of our dates. That scenario would, in turn, require that the
surrounding melt remained at high temperatures only very briefly after entrainment
of the clast. Even if we accept this interpretation, however, the distribution of
other dates in the clast is problematic. Analyses 784-41, 784-40, 784-43, and 784-33
together constituted a profile of dates across the clast, but—starting with the old
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784-41 marginal material—the dates first decrease, then increase, then decrease again
toward the opposite margin (Fig. 5.5). This overall pattern is inconsistent with the
grain being a single diffusion domain with simple, radial 40Ar diffusion gradients. We
suspect that the pattern may result from the existence of high Ar-diffusivity pathways
within the grain related to various types of interconnected defects (Lee, 1995). For
example, the ablation pits for the analysis that yielded the second youngest date in
the clast (lab ID 780-40) likely intersected a prominent fracture in the crystal which
was identified during microscopic inspection. However, no other obvious features were
observed in the grain, and transmission electron microprobe work would be required
to determine if there is convincing evidence of the physical nature of other possible
diffusion pathways.
We were also surprised to find no obvious correlation between plagioclase clast
size and model age (Table S5.3; Fig. S5.2). This observation contrasts with those
made by Müller et al. (1977) and Eichhorn et al. (1978) during their in situ 40Ar/39Ar
studies of subsamples of anorthositic gabbro and aphanite from sample 73215. Those
researchers found that the apparent ages of plagioclase clasts correlated with grain size
and texture, where the smallest grains and grain margins had the youngest apparent
ages and the cores of the largest grains were the oldest. Arguably, this scenario
should be expected if clasts experience a relatively simple thermal history, e.g., one
where diffusive Ar loss primarily occurs by volume diffusion during the entrainment
of clasts in impact melt and subsequent cooling of the whole rock. Our results may
indicate that clasts in some impact melt breccias can experience more complex thermal
histories, perhaps due to one or more transient heating events that occurred before or
after formation of the impact melt rock. However, this is purely speculative, and there
are some important experimental factors that could jeopardize such an interpretation.
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First, the laser microprobe system employed by Müller et al. (1977) and Eichhorn et al.
(1978) used an infrared (IR) laser, which primarily melts material that couples well
with the laser beam at the focal point. Minerals that are transparent to the laser beam
(e.g., some types of feldspar) would not melt as readily as more opaque (generally
mafic) minerals (Müller et al., 1977). In addition, IR lasers cause significant collateral
heating outside of the melt crater (e.g., Hames and K. V. Hodges, 1993; Kelley et al.,
1994). In comparison, UV lasers couple well with most silicates, including transparent
feldspars, and they produce effectively no collateral heating outside of the ablation pits
that could affect Ar analyses (Kelley et al., 1994; Mercer et al., 2015). While Müller
et al. (1977) and Eichhorn et al. (1978) took great care to melt materials at least a
melt-pit-diameter away from grain edges wherever possible, it is still possible that
collateral heating of surrounding materials affected their analyses. This would have
affected analyses of small clasts in particular, since gas released from younger melt
materials would have produced anomalously young clast dates. New experiments using
UVLAMP technologies would be useful for revisiting the issue of partial Ar loss in
inherited clasts, and for characterizing the potential intra- and inter-sample variability
in thermal histories recorded by such clasts. However, given the generally low K
concentrations of many plagioclase clasts in lunar rocks, a specialized low-volume,
ultra-high sensitivity noble gas mass spectrometer would be valuable in increasing
the achievable spatial resolution over existing systems while maintaining analytical
precision.
Also notable is that several of the clasts we analyzed have apparent ages that
are younger than some melt analyses. This could either be due to loss of 40Ar* from
these clasts, or an excess of 39Ar. The latter is possible because nucleogenic 39Ar
can be redistributed by recoil during sample irradiation from less-retentive K-rich
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phases to more-retentive K-poor phases (Turner and Cadogan, 1974). This mechanism
has been commonly invoked to explain the decrease in apparent ages observed in
the high-temperature portions of release spectra for lunar samples (e.g., Cadogan
and Turner, 1976; Dalrymple and Ryder, 1991; Dalrymple and Ryder, 1996; Norman
et al., 2006; Turner and Cadogan, 1974). However, the energetics of the 39K(n,p)39Ar
reaction is only sufficient to cause 39ArK to recoil over distances of ca. 0.1 µm (Turner
and Cadogan, 1974), meaning that samples would need to contain an abundance of
very fine-grained K-rich phases located next to K-poor phases to have their release
spectra affected in this way. With respect to our UVLAMP analyses, even if the clasts
we analyzed in 77135,209 were completely surrounded by fine-grained K-rich phases,
excess 39ArK could only be implanted into the outermost few tenths of a micron of
clast rims. Because we left at least a few microns of margin between our ablation pits
and clast edges, and because the UVLAMP system produces effectively no collateral
heating, we conclude that 39ArK recoil did not significantly affect our clast results.
Therefore, the clasts that are younger than the oldest UVLAMP 40Ar/39Ar melt dates
support the interpretation that 77135 experienced significant post-formational loss
of 40Ar*, most likely due to a reheating event. More interestingly, if the diffusion
dimensions of these clasts correspond to their physical dimensions (on the order of
hundreds of microns), then they might be expected to be less affected by Ar loss than
the relatively finer-grained phases in the melt (with diffusion dimensions that are likely
on the order of tens of microns). Either these younger clasts have sub-grain diffusion
dimensions, making them more susceptible to Ar loss than their grain diameters would
indicate, or the kinetics of the reheating and diffusive loss event were sufficiently intense
and/or heterogeneous to cause this inversion in apparent ages. For example, intense
heating that exceeds the kinetic crossovers between the diffusivities of Ar in phases
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like glass, plagioclase, and pyroxene could cause such inversions. This possibility is
consistent with observations made by Cassata et al. (2010) of pronounced Ar loss
from pyroxenes relative to plagioclase and glass in several Martian meteorites, and
with predictions from multiple-activation energy/multiple-diffusion domain models
where brief, intense heating events can produce 40Ar/39Ar release spectra with lower
apparent ages at high experimental temperatures (e.g., Boehnke et al., 2016; Harrison
et al., 1991).
5.7 Conclusions
Using the UVLAMP 40Ar/39Ar method, we have explored the spatial variability of
Ar loss in sample 77135, providing new observations and data that both complement
and expand upon results from incremental heating 40Ar/39Ar experiments. In particular,
the ranges of UVLAMP 40Ar/39Ar dates for clasts of Ca-rich plagioclase and poikilitic
melt materials are consistent with the ranges of apparent ages reported for stepwise
release spectra. Interestingly, the distribution of UVLAMP clast dates does not clearly
correspond to variations in clast size or analysis location within large clasts, and
suggest that these inherited components may record complex thermal and diffusive
loss histories that may have involved multiple diffusion/exchange mechanisms. In
addition, our UVLAMP analyses reveal that several clasts are younger than the oldest
melt components in 77135, and indicate that recoil of 39ArK during neutron irradiation
could not have produced these young dates. The youngest UVLAMP 40Ar/39Ar dates
of clasts and melt are older, and have higher Ca/K ratios, than the lowest-temperature
steps of incremental release spectra for these materials. Even though some phases
were too small to be analyzed in isolation, the combination of UVLAMP 40Ar/39Ar
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and EPMA analyses enabled us to directly locate and identify which phases dominate
different steps of incremental heating 40Ar/39Ar experiments. In particular, K-rich
glass and K-feldspar in the mesostasis between oikocrysts dominate the gases released
at low-temperature steps that are characterized by lower Ca/K ratios and younger
apparent ages, while Ca-rich plagioclase and pyroxene located in oikocryst interiors
dominate gases released at higher-temperature steps that are characterized by higher
Ca/K ratios and older apparent ages. We interpret the minimum age of the impact
event that produced the melt in 77135 to be 3808 ± 29 Ma based on the oldest
UVLAMP analysis of an oikocryst core in the melt.
Our results reinforce the contention that high-spatial resolution 40Ar/39Ar dating
methods are powerful tools for studying extraterrestrial samples, particularly those that
have experienced complex thermal histories, due to multiple impacts or other heating
events (Eichhorn et al., 1978; Mercer et al., 2015). Moreover, our results demonstrate
the complementarity of the UVLAMP 40Ar/39Ar and incremental heating 40Ar/39Ar
methods, and underscore the utility of combining petrographic and geochronologic
investigations of impact-affected rocks. The application of multiple chronometric
techniques, at both bulk and microanalytical scales, in conjunction with detailed
petrology will maximize potential insights into the impact histories recorded by
planetary materials. This approach will be particularly important in studies of


























































































Figure S5.2. Backscattered electron image mosaic of 77135,209,1 with UVLAMP analysis






















































































































































































































































































































































































































































































































































































































































































































































































































































































Table S5.2. Dates and beginning and ending times of the multistep
irradiation of sample 77135,209,1 in the CLICIT facility of the Ore-
gon State University TRIGA reactor, Corvallis, OR, USA. The total
irradiation duration was 115 hours.
Step # Date (mm/dd/yyyy) Start (hh:mm) End (hh:mm)
1 09/02/2014 09:01 16:01
2 09/03/2014 09:17 16:17
3 09/04/2014 08:40 16:40
4 09/05/2014 08:59 12:59
5 09/11/2014 12:02 16:02
6 09/12/2014 09:00 11:00
7 09/12/2014 11:24 14:24
8 09/16/2014 08:58 16:28
9 09/17/2014 10:04 16:34
10 09/18/2014 08:42 15:57
11 09/19/2014 08:45 15:45
12 09/22/2014 10:00 16:00
13 09/23/2014 09:20 16:20
14 09/24/2014 09:34 16:34
15 09/25/2014 08:15 15:15
16 09/26/2014 08:04 15:04
17 09/29/2014 10:00 16:30
18 09/30/2014 09:51 16:30
19 10/01/2014 09:40 13:16
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6.1 Abstract
The Apollo 16 mission to the Descartes Mountains and Cayley Plains in the lunar
nearside highlands demonstrated unequivocally that these Formations are impact-
related deposits. Subsequent sample analyses have revealed that the impact rocks
from these Formations are compositionally diverse, and many have 40Ar/39Ar ages that
span a period of roughly 400 Ma from ca. 4.2–3.8 Ga. Geochemical and geochronologic
evidence indicates that the end of this period coincides with the deposition of the
Cayley Plains, and potentially the Descartes Mountains, as ejecta from the Imbrium
basin located to the northwest of the Apollo 16 site. However, partial argon loss and
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the presence of inherited components can sometimes pose challenges when interpreting
40Ar/39Ar ages from incremental release spectra. Here we report new 40Ar/39Ar data
obtained using an ultraviolet laser ablation microprobe system to date components
petrographic context for six samples that are representative of the geochemical diversity
of impact melts at Apollo 16. Results for samples 63525,26, 63549,41, and 65015,248
are broadly consistent with previously published incremental heating experiments,
and indicate that Apollo 16 impact melt rocks—both rich and poor in incompatible
elements—have ages spanning the interval from ca. 4.2–3.8 Ga. Samples 60315,235
and 61015,197, and the highly shocked sample 63355,65 show evidence for partial
Ar loss, and apparent ages are spatially variable on scales of .180 µm. While
apparent ages for spot analyses of 60315,235 do not correlate with measured Ca/K
ratios or petrographic context, spot ages for 61015,197 melt materials generally vary
inversely with the presence of glass, and spot ages for 63355,65 correlate strongly with
Ca/K ratios and the texture of minerals in the melt. Finally, we report cosmic ray
exposure dates for 60315, 63525, and 63549 that are consistent with previous work,
demonstrating that exposure information can be obtained during the course of high
spatial-resolution 40Ar/39Ar experiments.
6.2 Introduction
The impact record preserved in the Descartes Mountains and Cayley Plains
Formations, as represented by the roughly 95 kg of samples collected by the Apollo 16
astronauts, is complex. Indeed, while both of these Formations have been recognized
as impact-related deposits since the conclusion of the Apollo 16 mission (e.g., Eggleton
and Schaber, 1972; Head, 1972; Wilhelms, 1972), debates over the provenance of
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the Cayley Plains persisted for decades (e.g., Korotev, 1997; Spudis, 1984), and
continue for the Descartes Mountains (e.g., Fernandes et al., 2013; Korotev, 1994;
Norman et al., 2010). In addition, while the impact melt rocks and breccias from
the Apollo 16 sample set can broadly be divided into two geochemical groups with
chemical affinities to terrains to the west and east of the Apollo 16 site, they are
compositionally diverse in detail, making it challenging to infer the exact number of
impacts that are responsible (Korotev, 1994). This has inspired many researchers to
date Apollo 16 impact melt rocks using a variety of methods, although the incremental
heating 40Ar/39Ar method in particular has been widely applied (e.g., Kirsten et al.,
1973b; Maurer et al., 1978; Norman et al., 2010; Norman et al., 2006; O. A. Schaeffer
et al., 1976; Shuster et al., 2010). These studies have provided important insights
into the impact record at Descartes-Cayley, but have also faced challenges, including
the need to interpret robust crystallization ages for samples that have experienced
partial Ar loss, potential redistribution of nucleogenic 39ArK, and/or contamination
by inherited (older) clasts. In this contribution, we report the results of a new study
of six representative Apollo 16 impact breccias for which an ultra-violet laser ablation
microprobe (UVLAMP) system was used to obtain 40Ar/39Ar dates in petrographic
context. This approach allowed us to directly explore the spatial distribution of Ar
loss within the petrographic context of individual samples, and to analyze impact
melt components and inherited mineral and lithic clasts separately.
6.3 Geologic Overview of the Apollo 16 Landing Site
The Apollo 16 mission was dispatched to the highlands northwest of the Nectaris
impact basin with the objective of investigating and sampling the Descartes Mountains
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and Cayley Plains Formation (Head, 1974; Joy et al., 2011; Spudis, 1984). (For
convenience, we will sometimes refer to the Descartes Mountains as the Descartes
Formation following the practice of Wilhelms (1987, p. 165).) The regional topography
near the Apollo 16 landing site is largely controlled by the 150 km-diameter and 60
km-diameter craters dubbed “unnamed A" and “unnamed B" by Head (1974) (Fig. 6.1).
While there has been some debate about whether these craters influenced the materials
sampled at the Apollo 16 site, substantial photogeologic evidence appears to indicate
that both pre-date deposition of the Descartes and Cayley Plains Formations (e.g.,
Spudis, 1984; Wilhelms, 1987). The origin of the Descartes Formation has been
heavily debated (see for example discussions in Fernandes et al., 2013; Wilhelms,
1987), though two major hypotheses have persisted: (1) the Descartes Formation
was deposited as ejecta from the Nectaris basin and subsequently reworked by ejecta
from Imbrium (e.g., Head, 1974; Spudis, 1984; Stöffler and Ryder, 2001; Wilhelms,
1972); and (2) the Descartes Formation was deposited as ejecta from the Imbrium
basin (e.g., Eggleton and Marshall, 1962; C. A. Hodges and W. M. Muehlberger, 1981;
Norman et al., 2010; Norman et al., 2016). The Cayley Plains Formation, on the
other hand, is generally interpreted to have been emplaced as ejecta from the Imbrium
basin impact and incorporated some amount of local materials (e.g., C. A. Hodges
and W. M. Muehlberger, 1981; Spudis, 1984; Wilhelms, 1987). Post-Imbrium impacts
have subsequently affected the local topography at the Apollo 16 landing site (e.g.,
the North Ray, South Ray, and Baby Ray craters; Arvidson et al., 1975; Drozd et al.,
1974; Eugster, 1999; Reed, 1981), and nearby regional impacts have likely transported
a small amount of material to the site (e.g., Zeigler et al., 2006). The modern surface
of the Apollo 16 landing site is shown in Fig. 6.2, with the geological boundaries
between the Descartes and Cayley Plains Formations mapped by C. A. Hodges (1972).
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Figure 6.1. Apollo mapping camera photograph showing the Descartes and Cayley Plains
Formations in the region of the Apollo 16 landing site (arrow labeled “LM Orion”). The
approximate location of the rim of “unnamed A” is shown with a dashed line (labeled “A”),
and the approximate rim of “unnamed B” is shown with arrows labeled “B”; rim locations
after figures 1 and 2 of Spudis (1984). The area shown is approximately 120 km across;







































Figure 6.2. The Apollo 16 landing site. The boundaries between the Descartes Mountains
and Cayley Plains Formations are shown by the dashed white lines, as mapped by C. A.
Hodges (1972). Approximate station locations and traverse paths are shown as dots and solid
curves, and collection locations for the six samples studied here are indicated with arrows.
The base image is a mosaic of Lunar Reconnaissance Orbiter Camera (LROC) Narrow Angle
Camera (NAC) frames M119747321RE and M131548593LE.
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6.4 Previous 40Ar/39Ar Geochronology at Descartes-Cayley
Many research groups have performed 40Ar/39Ar geochronologic investigations of
impact-affected samples returned by the Apollo 16 mission, including studies of: larger
rocks collected from the surface of the regolith or chipped from boulders (e.g., Kirsten
et al., 1973b; Norman et al., 2006; O. A. Schaeffer et al., 1976); clasts and matrix
components of breccias (e.g., Norman et al., 2010; O. A. Schaeffer et al., 1976); rock
fragments sieved from regolith samples (e.g., Kirsten et al., 1973b; Maurer et al., 1978;
Shuster et al., 2010); and glass spherules and fragments sieved from the regolith (e.g.,
Delano et al., 2007; Zellner and Delano, 2015; Zellner et al., 2009). We compiled 181
40Ar/39Ar dates reported in the literature for such impact products (roughly 20 % of
the dates are of larger rocks, 20 % are of components separated from breccias, and 60
% are of rock fragments and glasses sieved from regolith samples), and recalculated
them using a consistent set of decay constants and monitor ages (see the Recalculation
of Literature Data section for details). Taken at face value, these data indicate that the
majority of impact products preserved in the stratigraphy of the Descartes and Cayley
Plains Formations were produced before or during the Imbrium basin-forming impact.
For example, roughly 70 % of the samples in our compilation (accounting for duplicate
analyses of individual large rocks) are between ca. 4.3–3.85 Ga. (Note that this rough
figure does not necessarily reflect the true volumetric proportion of materials that are
older than 3.85 Ga at the Apollo 16 site; see Korotev (1997) for estimates—based
on the geochemistry of the regolith—of the proportions of pre-, syn-, and post-basin
materials.) Here we have chosen 3.85 Ga as the cutoff for the sake of argument since it
is within the range of ages based on 40Ar/39Ar studies that have been proposed for the
age of Imbrium (e.g., Dalrymple and Ryder, 1993; Norman et al., 2010; Stadermann
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et al., 1991), though we recognize it is younger than recent estimates based on U/Pb
dates of zircons and phosphates (e.g., Liu et al., 2012; Snape et al., 2016). While many
questions remain open for discussion (e.g., the exact provenance of particular melt
groups, or the precise number and importance of impact events represented in the
Apollo 16 sample suite), there seems to be mounting geochemical and geochronologic
evidence that multiple impact events are recorded by this older group (e.g., Fernandes
et al., 2013; Korotev, 1994; Korotev, 1997; Norman et al., 2010; Norman et al., 2006).
Materials younger than ca. 3.85 Ga, combined with efforts to identify the maximum
ages of post-Imbrian impact events that have partly degassed older samples (e.g.,
Shuster et al., 2010), provide insights into regional and local impact events that have
either affected materials at, or delivered materials to, the Apollo 16 site. Cosmic ray
exposure dating studies also provide insights into local impacts, such as those that
produced the ca. 50 Ma North Ray and ca. 2 Ma South Ray craters (e.g., Arvidson
et al., 1975; Drozd et al., 1974; Eugster, 1999; Reed, 1981).
6.5 Sample Descriptions and Previous Sample-Specific Chronology
Here we briefly describe the major petrographic characteristics, geochemical classi-
fication, 40Ar/39Ar geochronology that has been published for samples 60315, 61015,
63355, 63525, 63549, and 65015, and cosmic ray exposure (CRE) chronology that
has been published for samples 60315, 63525, and 63549. We adopt the geochemical
classification system of Korotev (1994), which is based on major and trace element
measurements of many Apollo 16 impact melts using a single analytical technique
(instrumental neutron activation analysis, INAA). Broadly speaking, Apollo 16 impact
melts fall into one of two compositional trends: the Western trend and the Eastern
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trend. The relatively mafic, KREEP-bearing (K = potassium, REE = rare earth
elements, P = phosphorus) Western trend rocks are subdivided into compositional
groups 1M, 1F, 2DB, and 2NR, and generally have higher Sm/Sc, Mg/Fe, and Sm/Yb
ratios and higher concentrations of incompatible trace elements (ITEs) than the more
feldspathic, ITE- and siderophile-element-poor Eastern trend melt rocks, which are
subdivided into groups 3 and 4.
6.5.1 60315 (1M)
Sample 60315 is a clast-poor impact melt rock collected near the landing site of the
Apollo 16 lunar module Orion (Fig. 6.2). It has a poikilitic texture, with abundant mm-
scale orthopyroxene oikocrysts (and fewer clinopyroxene oikocrysts) that enclose laths
and clasts of plagioclase, rare olivine, and opaque phases. Inter-oikocryst assemblages
are composed mostly of fine-grained plagioclase, olivine, abundant ilmenite, and
Fe-Ni metal grains up to 1.5 mm in diameter (Bence et al., 1973; F. N. Hodges
and Kushiro, 1973; Simonds et al., 1973). Korotev (1994) classified 60315 as a type
specimen of geochemical group 1M (mafic), with a composition rich in incompatible
elements and with an elevated Cr concentration relative to other group 1 melts (group
1F, feldspathic). Several research teams have published incremental heating spectra
for splits of 60315 and have reported a range of 40Ar/39Ar plateau dates, including:
3955±14 Ma (Kirsten et al., 1973b); 3947±24 Ma (Husain and O. A. Schaeffer, 1973);
3901± 16 Ma (Norman et al., 2006); and 3850± 14 Ma (O. A. Schaeffer et al., 1976).
(All 40Ar/39Ar dates for lunar samples in this paper are shown with 2σ uncertainties
unless otherwise noted.) Many of these spectra exhibit low apparent ages at low
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experimental temperatures, a feature generally associated with partial Ar loss. Kirsten
et al. (1973b) reported a CRE date of 4.5± 1.0 Ma for 60315.
6.5.2 65015 (1F)
Sample 65015 is a large feldspathic rock that was found half buried in the regolith
at Station 5, on the lower slopes of Stone Mountain (Fig. 6.2). The rock consists
primarily of poikilitic impact melt, with oikocrysts of low-Ca pyroxene enclosing
small (<100 µm) plagioclase grains, high-Ca pyroxene, olivine, Fe-Ni metal blebs,
and troilite (Albee et al., 1973). Inter-oikocryst regions contain abundant plagioclase
(including angular plagioclase clasts up to ca. 500 µm in diameter), poikilitic ilmenite,
troilite, Fe-Ni metal, and patches of K-rich materials. The rock contains about 5 % of
inherited mineral and lithic clasts (Albee et al., 1973). Sample 65015 was classified by
Korotev (1994) as a member of the 1F (feldspathic) compositional group. Jessberger
et al. (1974b) and Jessberger et al. (1974c) and Huneke et al. (1974) published several
complex 40Ar/39Ar release spectra for whole-rock chips and mineral separates from
65015, and they interpreted an impact age of 3934± 19 Ma (representing ca. 15 % of
the total 39ArK released) from one plagioclase separate (plagioclase B, Jessberger et al.,
1974c). (Note, 39ArK refers to the 39Ar produced from 39K in the sample during neutron
irradiation.) Norman et al. (2006) reported a 40Ar/39Ar plateau date of 3887± 14 Ma
(71 % of the total 39ArK released), and Kirsten et al. (1973b) reported a plateau date
of 3849± 39 Ma (66 % of the total 39ArK released) for 65015,61. O. A. Schaeffer et al.
(1979) reported laser fusion 40Ar/39Ar dates generally ranging from 3998± 70 Ma to
3679± 40 Ma, with two younger dates ca. 3490 Ma and 3080 Ma, obtained by spot
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melting clast and matrix materials in the polished section 65015,186 with an infrared
(IR) laser.
6.5.3 61015 (2DB)
Sample 61015, collected about 10 m south of Plum Crater at Station 1 (Fig. 6.2), is
a dimict breccia (also sometimes called a dilithologic breccia), consisting of granulated
anorthosite and fine-grained to aphanitic aluminous impact melt that typically has an
intersertal texture and is locally glassy (James et al., 1984). The dimict breccias are
generally thought to have been excavated by the South Ray crater-forming impact
at ca. 2 Ma (e.g., Eugster, 1999; Korotev, 1994), and the melt components of these
rocks define the geochemical group 2DB within the broader class of Western trend
compositions (Korotev, 1994). Marvin et al. (1987) reported an incremental release
spectrum for 61015,100 that exhibited younger apparent ages at high experimental
temperatures compared to low temperatures. They grouped three low-temperature
steps to obtain a date of 3984± 10 Ma, but considered it to be a rough age estimate.
Eugster (1999) noted that 61015 has experienced partial Ar loss and computed a
K/Ar date of ca. 3.37 Ga, which we take as a minimum age estimate. Norman et al.
(2006) reported an incremental release spectrum for a melt aliquot of 61015 that
exhibited younger apparent ages at low and high experimental temperatures, and
older apparent ages at intermediate experimental temperatures. They considered
seven intermediate-temperature steps to form a “fair” pleateau (25 % of the total




Along with samples 60017 and 63335, sample 63355 was chipped off of Shadow
Rock at Station 13, located about a kilometer south of the rim of North Ray Crater
(Fig. 6.2). Nord et al. (1975) described thin section 63355,7 as having a dark matrix
containing angular mineral and lithic clasts of anorthosite and norite. They also
noted the presence of maskelynite (in the matrix and clasts), deformation lamellae (in
plagioclase, and in pyroxene surrounded by maskelynite), granulation, and undulatory
extinction in plagioclase in the clasts, indicating that the sample has been highly
shocked. The crystalline matrix is dominantly poikilitic, with 100-500 µm-diameter
oikocrysts of orthopyroxene enclosing small laths of plagioclase, some olivine, and
skeletal ilmenite, and with some Fe-Ni metal blebs up to 1 mm across (Nord et al., 1975;
Ryder and Norman, 1980). Sample 63355 was classified as a member of compositional
group 2NR by Korotev (1994). To the best of our knowledge, there have been no
40Ar/39Ar data reported for 63355. However, Alexander and Kahl (1974) published an
incremental release spectrum for 63335,3 with apparent ages ca. 780 Ma for several
low-temperature steps (ca. 13 % of the total 39ArK released) that rise to ca. 3620 Ma
at high experimental temperatures, which they interpreted as a minimum age for
the impact event that formed 63335. Interestingly, sample 63335 was classified as a
member of compositional group 4 by Korotev (1994).
6.5.5 63549 (3)
Sample 63549 is a clast-free impact melt rock collected as part of a rake sample
taken ca. 5–10 m west of Shadow Rock at Station 13 (Ulrich, 1981). The rock has a
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sub-ophitic texture with fine-grained plagioclase laths (typically 50–100 µm, though
some patches are slightly finer- or coarser-grained) and highly zoned pyroxenes, Fe-Ni
metal, and scheibersite; olivine has not been identified (Gooley et al., 1973; Vaniman
and Papike, 1980; Warner et al., 1973). Korotev (1994) classified 63549 as a member
of the compositional group 3n impact melts within the broader class of Eastern trend
compositions. Norman et al. (2006) reported 40Ar/39Ar incremental release spectra
for two splits of 63549; one yielded a 3872± 11 Ma plateau (67 % of the total 39ArK
released). To the extent of our knowledge, no CRE date has been reported for 63549.
6.5.6 63525 (4)
Sample 63525 is one of a several small rocks, including 63526, 63528, and 63555,
that were collected as rake samples ca. 5–10 m west of Shadow Rock at Station
13 (Ulrich, 1981). These four rocks were described as nearly identical fragmental
breccias, with fine-grained matrices of interlocking plagioclase (up to 10 µm) and
orthopyroxene (up to 2 µm) containing numerous mineral (mostly plagioclase) and
lithic clasts; glass is notably absent from the matrices of these rocks (W. C. Phinney
et al., 1976). Samples 63525, 63526, 63528, and 63555 were all categorized as members
of compositional group 4 by Korotev (1994). Norman et al. (2006) reported 40Ar/39Ar
incremental release spectra for two splits of 63525; to the best of our knowledge, no
40Ar/39Ar have been reported for 63526, 63528, or 63555, which are all smaller than
63525. The two splits of 63525 analyzed by Norman et al. (2006) yielded different
plateau dates: 4223± 24 Ma (95 % of the total 39ArK released) and 3928± 36 Ma (63
% of the total 39ArK released). They likened the older 63525 date to some obtained
for other fragmental breccias from North Ray Crater (e.g., Duncan and Norman,
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2005; Maurer et al., 1978), though they noted the old apparent age could be due to
incomplete Ar loss from inherited clasts or the highly aluminous melt. To the best of
our knowledge, no CRE dates have been reported for 63525, 63526, 63528, or 63555.
6.6 Materials and Methods
6.6.1 Recalculation of Literature Data
Previously published 40Ar/39Ar dates have been recalculated using the ArAR
software of Mercer and K. V. Hodges (2016) to use an internally consistent set of 40K
decay and monitor-age parameters (see Table S6.1 for recalculation parameters). We
have adopted the internationally recognized 40K decay constants of Steiger and Jäger
(1977) (λε = 0.581 × 10−10 a−1, λβ = 4.962 × 10−10 a−1), and we ensured that the
monitor ages used in our calculations were determined using the 40K decay constants
and K isotopic abundances (40K/K = 0.01167 %) recommended by Steiger and Jäger
(1977). In particular, we used the following monitor mineral ages when recalculating
40Ar/39Ar dates for lunar samples (2σ uncertainties): for the MMhb-1 hornblende,
tMMhb-1 = 523.1 ± 2.6 Ma (Renne et al., 1998); for the Hb3gr hornblende, tHb3gr =
1078.9±9.2 Ma (Mercer et al., 2015); for the CC-27 hornblende, tCC-27 = 2633±24 Ma
(Mercer et al., 2015); for the NL-25-2 hornblende, tNL-25-2 = 2650± 18 Ma (Schmitt
et al. (2016) determined this value by recalculating the K/Ar age of Husain (1974) to
use the 40K decay constants and K isotopic abundances of Steiger and Jäger (1977));
and for the St. Severin chrondrite, tSt. Severin = 4452± 34 Ma (intercalibrated with
the methods of Renne et al. (1998), using Hb3gr as the primary monitor with the age
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of tHb3gr = 1078.9± 9.2 Ma from Mercer et al. (2015), and using the 40Ar*/39ArK data
of Alexander and Davis (1974b) for Hb3gr, BS-1, and NL2561,2).
6.6.2 UVLAMP 40Ar/39Ar Methods
New polished petrographic “thin” sections (ca. 32 µm thick) and paired “thick”
sections (ca. 200 µm thick) were prepared of samples 60315, 65015, 61015, 63355,
63549, and 63525 at the NASA Johnson Space Center; specific sample allocation
numbers may be found in Table 6.1. To prevent the introduction of organic compounds
into the mass spectrometer during UVLAMP 40Ar/39Ar analyses, these sections were
mounted using cyanoacrylate (which can be dissolved in acetone) rather than epoxy,
and the samples were not vacuum impregnated with adhesive prior to mounting. We
acquired backscattered electron (BSE) images for all thin and thick sections using the
JEOL JXA-8530F electron probe microanalyzer (EPMA), located in the LeRoy-Eyring
Center for Solid State Science at Arizona State University (ASU). BSE imaging was
done using a 15 kV accelerating potential and 10 nA beam current. These images
(Figs. S6.1 and S6.2) were used for targeting laser extraction of gases for argon isotopic
analysis. We used an HORIBA Scientific XploRA PLUS Raman microscope with
a 532 nm laser to confirm the presence of maskelynite in sample 63355. Shock has
distinct effects on the Raman spectra of plagioclase (e.g., Jaret et al., 2015), making
this a useful way to identify shocked plagioclase and maskelynite in lunar samples
(e.g., Fernandes et al., 2013).
Our UVLAMP 40Ar/39Ar analytical procedures are nearly identical to those of
Mercer et al. (2015); here we describe the basic aspects, pertinent changes, and
parameter values relevant to this study. After BSE images were obtained, the carbon
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Table 6.1. Summary of sample sections, irradiated subsections, and number of UVLAMP
40Ar/39Ar analyses (M = melt analyses, C = clasts, M+C = mixed melt and clasts).
Parent Chemical Specific Irradiated Section Number of
Sample Group∗ Sample Subsection(s) Type UVLAMP Analyses
60315 1M ,235 ,1 thick M = 39; C = 4
,236 – thin –
65015 1F ,248 ,1 thick M = 24; C = 8
,249 – thin –
61015 2DB ,197 ,1 thick M = 37; C = 1; M+C = 2
,198 – thin –
63355 2NR ,65 ,1 ,2 thick M = 40; C = 15; M+C = 1
,66 – thin –
63549 3 ,41 ,1 thick M = 37
,42 – thin –
63525 4 ,26 ,1 ,2 ,3 thick M = 26; C = 19; M+C = 1
,27 – thin –
∗ Impact melt compositional classification from Korotev (1994).
coats were removed from the thick sections by polishing with colloidal silica (0.02 µm).
Next, subsections of interest smaller than ca. 9 mm × 9 mm were separated from each
thick section following the methods of Mercer et al. (2015). The selected subsections
were irradiated for 115 hours in the CLICIT facility of the OSU TRIGA reactor in
Corvallis, Oregon, USA (lab designation OSU 2; see Table S6.2 for detailed irradiation
chronology). To determine the irradiation parameter, J , and interfering nuclear
production ratios, the samples were coirradiated with grains of the 1078.9± 4.6 Ma
(1σ) PP20 (Hb3gr) hornblende standard (Mercer et al., 2015), CaF2 salts, and shards
of kalsilite glass. All standard materials (PP20, Ca2, and kalsilite) were analyzed in
the Group 18 Laboratories at Arizona State University using a Photon Machines 55W
CO2 laser to extract sample gases. Those gases were cleaned with two SAES GP50
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getters (one operated at 450 ◦C, and one at room temperature), and argon isotopes
were measured with a Nu Instruments Noblesse high-sensitivity mass spectrometer
equipped with a Nier-type source. The nucleogenic production ratios determined
from CaF2 salts and shards of kalsilite glass in this irradiation package overlap those
determined from three other OSU irradiation packages. We therefore used the grand
means of the production ratios from all four irradiations (OSU 1–3, and 5) during
data reduction (PP20 data reduction procedures follow Mercer et al. (2015)); see
Tables S6.3–S6.8 for J values and grand mean production ratio values.
Extraction of gases for UVLAMP 40Ar/39Ar analysis was done using a NewWave
Research UP193X ultraviolet (193 nm) ArF pulsed laser to ablate 35–180 µm-diameter
near-cylindrical pits with typical depths between 30–70 µm, and at most 86 µm.
Sample gases were purified by two SAES NP10 getters (one operated at 400 ◦C, and
one at room temperature) and equilibrated into a Nu Instruments Noblesse mass
spectrometer to measure argon isotopes. Depending on signal size, 40Ar was measured
using either a Faraday detector (fitted with a 1× 1011 Ohm resistor; used for large
signals) or one ETP ion counting multiplier; 39Ar, 38Ar, 37Ar, and 36Ar were always
measured on one ion counting multiplier. We regularly performed operational blanks
before and after groups of 4–6 unknown analyses, and analyzed air pipette shots
to measure mass discrimination and to allow for Faraday/ion counting multiplier
intercalibration using the “beam intensity ratio” method described by Turrin et al.
(2010). Following isotopic analyses we inspected each ablation pit under a microscope,
and used an ADE Phase Shift MicroXAM white light interferometric profilometer to
estimate pit volumes. All isotope measurements were corrected for detector baselines,
bracketing operational blanks, instrument mass discrimination, interfering nucleogenic
isotopes produced during irradiation, and the decay of 39Ar and 37Ar after irradiation.
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For samples 63525,26, 63549,41, and 60315,235, data were plotted on an isotope
correlation diagram with axes of 38Ar/36Ar vs. 37Ar/36Ar, termed a “cosmochron” by
Levine et al. (2007). We calculated CRE dates for these samples following the methods
of Cassata et al. (2010). Specifically, we determined an irradiation parameter relating
the production of 37ArCa to Ca content—called γ by Cassata et al. (2010)—using
coirradiated PP20 standards and assuming an age of 1078.9 ± 4.6 Ma (1σ; Mercer
et al., 2015) and the Ca concentration of PP20 reported by Jourdan and Renne (2007).
We determined the production rate of cosmogenic 38Arc, P38Ca, using Eq. (2) of
Cassata et al. (2010) (adapted from Eugster and Michel (1995)) and the bulk chemical
compositions of 63525 (estimated using the average of data reported by Stöffler et al.
(1985) for 63526 and 63528), 63549 (Boynton et al., 1976; Wasson et al., 1977), and
60315 (average of data reported by Hubbard et al. (1973), Laul et al. (1974), LSPET
(1973), Morrison et al. (1973), Rose et al. (1973), S. R. Taylor et al. (1973), and
Wänke et al. (1976)). Finally, we performed linear regressions following the methods
of Mercer et al. (2015) to determine the cosmochron slopes (i.e., the 38Arc/37ArCa
ratios), and calculated CRE dates using Eq. (1) of Cassata et al. (2010). The values
of γ and P38Ca that we used in these calculations are given in Tables S6.3, S6.6, and
S6.7.
To determine 40Ar/39Ar dates for all samples, we corrected for cosmogenic isotope
production in the lunar environment assuming that the measured 38Ar and 36Ar
represents a simple two-component mixture of cosmogenic and solar components.
For some analyses that had 38Ar/36Ar values higher than the cosmogenic value, we
assumed that all of the measured 36Ar was cosmogenic; the excess 38Ar may have
been produced by the 37Cl(n,γ,β) 38Ar reaction on chlorine during the irradiation
(e.g., Alexander and Kahl, 1974). For samples 65015,248, 63525,26, and 63549,41,
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data were plotted on 40Ar/36Ar vs. 39Ar/36Ar isotope correlation diagrams, allowing
determination of 40Ar/39Ar dates without an assumption of the lunar 40Ar/36Ar value.
(Note: analyses with 38Ar/36Ar values higher than the cosmogenic value were excluded
from isochron plots.) Detailed data reduction and statistical procedures for performing
York regressions (for cosmochrons and isochrons) and identifying outliers are given
in Mercer et al. (2015), including our use of the mean squared weighted deviation
(MSWD), or reduced χ2, statistic in assessing goodness of fit (Wendt and Carl, 1991).
All new 40Ar/39Ar dates reported here were determined using the 40K decay constants
of (Steiger and Jäger, 1977).
Our outlier detection method relies on the Hampel identifier, which is based on
deviations from the median of a distribution and minimizes some of the pitfalls of
detection methods based on deviations from the mean (e.g., the 2σ rejection rule, also
called the Extreme Studentized Deviation (ESD) identifier; Davies and Gather, 1993;
Pearson, 2011). In general, we approach outlier detection during regression cautiously
by initially choosing a conservative value, e.g., 6 (Pearson, 2011), for the Hampel
cutoff value—which is conceptually similar to a 6σ cutoff for the ESD identifier—and
then progressively use lower, more aggressive values until the MSWD and P value of
the regression become acceptable. We consider the MSWD to be acceptable when
the MSWD < 1 + 2 ·√2/(n− 2) and P > 0.05 (Mercer et al., 2015; Wendt and Carl,
1991).
Model 40Ar/39Ar dates were calculated for individual spot fusion analyses assuming
a nominal value of 40Ar/36Ar = 1± 1 (1σ) for trapped lunar argon. We plotted these
model UVLAMP dates (excluding uncertainties in J) in two ways: (1) in plots of
apparent age vs. Ca/K ratios, to explore potential compositional trends; and (2) in
probability density plots (PDPs) and kernel density estimate (KDE) plots, which
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emphasize analytical precision and data clustering, respectively (Vermeesch, 2012).
Summaries of our UVLAMP 40Ar/39Ar data are available in Tables S6.3–S6.8, and
analysis locations and laser footprints are shown in Figs. S6.3–S6.8.
6.7 Results
6.7.1 Petrographic Observations
The petrographic characteristics of the sections we studied are similar to those
that have been previously reported (see Sample Descriptions and Previous Chronology
section); Fig. 6.3 shows BSE image mosaics of representative regions of the thin
sections. The thick and thin sections 60315,235 and 60315,236 are clast-poor, with
poikilitic pyroxenes dominantly enclosing plagioclase, and inter-oikocryst assemblages
include plagioclase, olivine, ilmenite, metal blebs, and small (typically <10 µm)
patches of mesostasis that appears slightly darker in BSE images than other phases.
The sections 65015,248 and 65015,249 have poikilitic textures, with pyroxene enclosing
small grains of plagioclase, olivine, and opaque phases. There are many irregularly
shaped vesicles ranging in size from ca. 50 µm up to nearly 1 mm that are typically
rimmed with plagioclases and are often associated with large (up to ca. 580 µm)
metal assemblages. Inter-oikocryst regions contain plagioclase, poikilitic ilmenite, and
opaque phases. Some plagioclase clasts appear coherent, angular, and have sharp
boundaries with the matrix, while others appear variably fractured and mottled and
have indistinct boundaries with the matrix.
The sections 61015,197 and 61015,198 are heavily fractured portions of the melt
component of the dimict breccia. The melt is dominantly composed of fine-grained
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Figure 6.3. Backscattered electron (BSE) image mosaics of representative regions of the
thin sections studied here. Plagioclase tends to be dark grey, pyroxene and olivine are
intermediate to light grey, and metal/opaque phases in 60315,236, 65015,249, 61015,198, and
63355,66 are white. Scale bars are 500 µm.
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plagioclase and olivine with intersertal texture, and contains a few metal blebs up to
ca. 400 µm across and mm-scale regions rich in opaque phases. A glassy mesostasis
material is commonly associated with fractures in the melt, and there are local vein
networks of cryptocrystalline material that appears relatively bright in BSE images
compared to the melt. There are rare clasts of plagioclase and one lithic clast that is
ca. 550 × 800 µm. Sections 63355,65 and 63355,66 are generally fine-grained, and the
melt is dominated by poikilitic pyroxenes enclosing plagioclase, olivine, and opaque
phases. Generally the poikilitic texture is well-developed, with elongated, subhedral
plagioclase laths (darker patches in Fig. 6.3) that grades locally into patches with
more equant, anhedral plagioclase, often in association with concentrations of olivine
(lighter patches in Fig. 6.3). The matrices of both sections contain metal blebs up to
ca. 150 µm across and clasts of plagioclase; the thick section, 63355,65, also contains
a few large noritic clasts of which the larges is roughly 1.5 × 2 mm. We confirmed
the presence of maskelynitized plagioclase in both the matrix and clasts using Raman
spectroscopy (Fig. S6.9), and we observed mosaic extinction of plagioclase in some
clasts.
Sections 63549,41 and 63549,42 are clast-free, and have well developed sub-ophitic
textures with plagioclase laths (typically ca. 50–150 µm long) intergrown with zoned
pyroxenes. Small (≤ ca. 50 µm) metal grains are present, though rare. In local
patches up to about 500 µm in diameter the texture of the matrix is more fine-grained
(Fig. 6.3). The sections 63525,26 and 63525,27 are fragment-laden, with very fine-
grained matrices of plagioclase and pyroxene (grains generally <10 µm). Small vesicles
are present throughout the sample (typically 5–10 µm across). Mineral clasts are
primarily plagioclase (up to mm-scale) and pyroxene (up to ca. 200 µm), and lithic
clasts include mm-scale anorthosite and granulitic norite. We observed two distinct
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clast populations in the matrices of 63525,26 and 63525,27: one that is relatively
poor in mafic mineral fragments (lower right quarter of Fig. 6.3), and one that has
abundant mafic mineral fragments.
6.7.2 UVLAMP 40Ar/39Ar Results
We obtained 254 UVLAMP 40Ar/39Ar analyses in total for 60315, 65015, 61015,
63355, 63549, and 63525, of which 203 were of melt materials, 47 were of inherited
mineral and lithic clasts, and 4 were of mixtures of melt and clast materials (Table 6.1;
see Tables S6.3–S6.8 for summaries of our UVLAMP 40Ar/39Ar data, and see Figs. S6.3–
S6.8 for BSE image mosaics with sample analysis locations and laser footprints).
Figure 6.4 shows plots of apparent ages vs. Ca/K ratios for all samples. Broadly
speaking, there is significant dispersion (i.e., scatter beyond 2σ uncertainties) in the
populations of UVLAMP dates for 60315,235, 61015,197, and 63355,65, and limited
dispersion in the populations of UVLAMP dates for 65015,248, 63549,41, and 63525,26.
Model UVLAMP 40Ar/39Ar dates of melt in 60315,235 (n = 39) range from ca.
3852–3552 Ma, and do not appear strongly correlated with Ca/K ratios (Fig. 6.4).
Furthermore, there does not appear to be a strong correlation between apparent age
and petrographic context; some of the oldest (e.g., analyses with the lab IDs 785-24
and 785-42) and youngest (e.g., 785-03, 785-05, 785-12) dates correspond to ablation
volumes in oikocryst interiors (Table S6.3; Fig. S6.3). Some young dates in 60315,235
also correspond to areas in inter-oikocryst regions that have small (<10 µm) pockets
of mesostasis that appear darker than all other phases in BSE images (e.g., 785-02,
and 785-10; Fig. S6.11). Analyses of four clasts in 60315,235 have UVLAMP 40Ar/39Ar
ranging from ca. 3903–3800 Ma.
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Figure 6.4. Plots of UVLAMP 40Ar/39Ar dates vs. Ca/K ratios for all analyzed samples.
Abbreviations: G/V = glass/shock veins in 61015,197; M + C = mixed melt/matrix and
clast material. All error bars are 2σ; apparent age uncertainties do not include the error in
J . Note the semi-log scales for 60315,235, 65015,248, 63355,65, and 63525,26.
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Figure 6.5. Summed PDP and KDE of UVLAMP 40Ar/39Ar dates for 65015,248 melt, with
individual dates shown as small circles above; the light grey region outside of the KDE shows
the range of clast dates.
The apparent ages of 24 UVLAMP melt analyses in 65015,248 generally range
from ca. 3852–3754 Ma, with one exception (786-01) that is ca. 3611 Ma (Figs. 6.4
and 6.5). Clast analyses generally have higher Ca/K ratios than the melt, with model
dates ranging from ca. 4004–3814 Ma. The analyzed clasts with the lowest Ca/K
ratios (e.g., 786-31 and 786-13) appear to be partially assimilated. Of the 24 melt
analyses, eight have 38Ar/36Ar values higher than the cosmogenic value; we performed
a York regression (Mercer et al., 2015; York et al., 2004) of the remaining 16 analyses
(including 786-01) to obtain an isochron date of 3807± 19 Ma with a poor MSWD
of 3.84 (P < 0.001) that suggests excess scatter beyond analytical uncertainties.
We applied the Hampel outlier detection method described by Mercer et al. (2015)
with a conservative threshold of 5 to identify a single outlier, analysis 786-01, which
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65015,248 Melt (n = 15)
Date: 3806 ± 19 Ma 
(40Ar/36Ar)int = 50 ± 59 
MSWD = 1.37, P = 0.16Region enlarged in right panel 65015,248 Detail










Figure 6.6. Normal isochron diagram and linear regression of UVLAMP 40Ar/39Ar data
for 65015,248,1 melt. The data have been corrected for the presence of nucleogenic and
cosmogenic isotopes (see Materials and Methods for details). Error ellipses, regression error
envelopes, age, and intercept uncertainties are all 2σ.
constitutes the young mode in Fig. 6.5. We excluded this analysis and repeated our
regression procedure to obtain our preferred isochron date of 3806± 19 Ma for the
remaining 15 analyses with an acceptable MSWD of 1.37 (P = 0.16; Fig. 6.6).
Sample 61015,197 has UVLAMP melt dates that are highly dispersed, ranging
from ca. 3871–3471 Ma (Fig. 6.4). Notably, analyses where we attempted to minimize
the ablation of glassy mesostasis and shock veins tend to have higher apparent ages
than those where we targeted regions rich in these materials. We obtained one analysis
of a clast, that has a higher Ca/K ratio than the melt, and two analyses of mixed
melt/clast materials with Ca/K ratios on the upper end of those for glass-rich melt
analyses. The range of UVLAMP dates for the three clast/clast-bearing analyses is
ca. 3844–3735 Ma.
Model UVLAMP 40Ar/39Ar dates for melt materials in 63355,65 are extremely
dispersed and strongly correlated with Ca/K ratios, with apparent ages ranging from
ca. 3465–792 Ma and corresponding Ca/K ratios ranging from 83.7–7.4 (Fig. 6.4).
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63549,41 (n = 37)
PDP
KDE
Figure 6.7. Summed PDP and KDE of UVLAMP 40Ar/39Ar dates for 63549,41,1 melt,
with individual dates shown as small circles above.
Notably, younger melt materials with lower Ca/K ratios (e.g., 789-17, 790-13, and
790-01) tend to occur in regions that are sometimes olivine-rich and where plagioclase
is more equant and anhedral, while older melt materials with higher Ca/K ratios
(e.g., 789-31, 789-20, 790-10) tend to occur in regions with well developed poikilitic
texture and subhedral plagioclase laths (Fig. 6.3). UVLAMP analyses of individual
plagioclase clasts and plagioclase in norite clasts have higher Ca/K ratios than all but
three melt analyses, and have apparent ages ranging from ca. 3890–2675 Ma.
Because sample 63549,41 is clast-free and has a uniform sub-ophitic texture, we
obtained 37 UVLAMP 40Ar/39Ar analyses using a variety of laser footprint diameters
between 50–150 µm. The apparent ages generally range from 3839–3707 Ma, with
three exceptions (795-01, 795-20, and 795-22) that are between 3661–3652 Ma (Figs.
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63549,41 Melt (n = 28)
Date: 3798 ± 11 Ma 
(40Ar/36Ar)int = 9 ± 35 
MSWD = 0.67, P = 0.91Region enlarged in right panel




















Figure 6.8. Normal isochron diagram and linear regression of UVLAMP 40Ar/39Ar data
for 63549,41,1 melt. The data have been corrected for the presence of nucleogenic and
cosmogenic isotopes (see Materials and Methods for details). Error ellipses, regression error
envelopes, age, and intercept uncertainties are all 2σ.
6.4 and 6.7). There is no correlation between apparent age and Ca/K ratio. All
laser spot sizes yielded consistent results, and analytical precision generally increased
with increasing spot size (i.e., ablation volume). Six of the analyses have 38Ar/36Ar
values higher than the cosmogenic value; we regressed the remaining 31 analyses and
obtained an isochron date of 3792± 11 Ma an MSWD of 1.47 and a poor P value of
0.048. We applied our Hampel outlier detection method with a conservative threshold
of 6 and identified 795-01, 795-20, and 795-22 as potential outliers (which compose
the young mode in the PDP in Fig. 6.7). Excluding these analyses, we obtain our
preferred isochron date of 3798± 11 Ma with an MSWD of 0.67 (P = 0.91; Fig. 6.8).
Model UVLAMP 40Ar/39Ar dates for 25 matrix and 20 clast-bearing analysis in
63525,26 range from ca. 4294–4119 Ma and from ca. 4228–3998 Ma, respectively (Figs.
6.4 and 6.9). One additional matrix analysis (793-12, not shown) was apparently
affected by incorporation of excess 40Ar and yielded an anomalously old apparent
age (>4.5 Ga; Table S6.6); we have excluded it from age calculations. There is no
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Clasts (n = 19), Mixed (n = 1)
Matrix (n = 25)
Figure 6.9. KDEs of UVLAMP 40Ar/39Ar dates for 63525,26,1 clasts (light grey) and
matrix (dark grey), with individual dates shown as small circles above. The KDE for clasts
includes one analysis of mixed clast and matrix materials.
correlation between the apparent ages of matrix materials and clasts and their Ca/K
ratios. All 25 matrix analyses form an isochron with an apparent age of 4168± 12 Ma
and a good MSWD of 0.83 (P = 0.70; Fig. 6.10), though we note that the 40Ar/36Ar
intercept is higher than values reported for trapped Ar in most lunar samples (e.g.,
Joy et al., 2011). Notably, the distribution of clast dates overlaps the distribution of
matrix dates in 63525,26 (Fig. 6.9), and including all clast and matrix analyses in the
isochron regression yields an indistinguishable result of 4171± 10 Ma with an MSWD
0.22 (P = 1.0; (40Ar/36Ar)int = 46± 16 (2σ); plot not shown). However, we regard the
matrix-only isochron date (4168± 12 Ma) as more likely correct in this instance.
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63525,26 Matrix (n = 25)
Date: 4168 ± 12 Ma 
(40Ar/36Ar)int = 53 ± 18 
MSWD = 0.83, P = 0.70
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Figure 6.10. Normal isochron diagram and linear regression of UVLAMP 40Ar/39Ar data
for 63525,26,1 matrix materials. The data have been corrected for the presence of nucleogenic
and cosmogenic isotopes (see Materials and Methods for details). Error ellipses, regression
error envelopes, age, and intercept uncertainties are all 2σ.
6.7.3 Cosmic Ray Exposure Dates for 63549 and 63525
All UVLAMP 40Ar/39Ar data for 63549,41, and all analyses except 793-12 (con-
taminated with excess 40Ar) for 63525,26, form linear arrays in cosmochron plots of
38Ar/36Ar vs. 37Ar/36Ar (Fig. 6.11). Regressions of the data for 63549,41 and 63525,26
yield CRE dates of 43.4 ± 8.6 Ma (MSWD = 0.88, P = 0.67) and 15.7 ± 2.3 Ma
(MSWD = 0.76, P = 0.88), respectively (see Materials and Methods for details on
how we computed CRE dates). We also regressed all 43 of the 60315,235 analyses and
obtained a CRE date of 1.18± 0.18 Ma and a poor MSWD of 1.48 (P = 0.025), which
would normally prompt us to apply our outlier detection method. However, many
UVLAMP analyses for 60315,235 had low 36Ar signals that induce large uncertainties
and scatter in a cosmochron plot, while relatively few analyses were comparatively pre-
cise (Table S6.3; Fig. S6.10). Therefore, applying our usual outlier detection method
would identify too many outliers, and disproportionately identify the high-precision
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63525,26 Melt + Clasts (n = 45) 
CRE Date: 15.7 ± 2.3 Ma
(38Ar/36Ar)int = 0.182 ± 0.077
MSWD = 0.76, P = 0.88
63549,41 Melt (n = 37)
CRE Date: 43.4 ± 8.6 Ma
(38Ar/36Ar)int = 0.08 ± 0.21




















Solar 38Ar/36Ar = 0.187
Figure 6.11. Cosmochron diagram and linear regressions of UVLAMP 40Ar/39Ar data for
63549,41 melt and 63525,26 melt and clasts. The data have been corrected for the presence
of nucleogenic isotopes produced during sample irradiation (see Materials and Methods for
details). Error ellipses, CRE age, and intercept uncertainties are all 2σ; inner and outer
regression error envelope uncertainties are 1σ and 2σ, respectively.
analyses. As an alternative, we can take another common approach to dealing with
over-dispersed geochronologic datasets and expand the uncertainties by
√
MSWD
(York et al., 2004). This assumes that all of the analyzed pit volumes were equally
affected by cosmogenic spallation reactions, and that the poor MSWD results from an
underestimation of the analytical uncertainties. This conservative approach yields an
error-expanded CRE date of 1.18± 0.22 Ma. UVLAMP data for 65015,248, 61015,197,
and 63355,65 did not form cosmochrons.
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6.8 Discussion
The fact that most UVLAMP 40Ar/39Ar analyses of matrix materials and clasts
form indistinguishable isochrons in section 63525,26 indicates that these components
were effectively in isotopic equilibrium when the sample cooled ca. 4170 Ma, and have
not been significantly disturbed since that time. Combined with the plateau dates
reported by Norman et al. (2006) of 4223± 24 Ma (95 % of the 39ArK released) and
3928± 36 Ma (63 % of the 39ArK released) for different splits of 63525, these dates
could be interpreted in two ways. Either 63525 inherited materials of different ages
when it was assembled and was not heated sufficiently to disturb the K/Ar systematics
of those components, or the distribution of dates reflects heterogeneous partial Ar
loss on spatial scales larger than the aliquot sizes used for 40Ar/39Ar experiments. We
find the latter option untenable, however, since there is little indication of partial Ar
loss in any of the three dated aliquots, and which arguably should be expected if any
portion of the rock was partly outgassed following breccia assembly. Only one of the
release spectra reported by Norman et al. (2006) has a few low-temperature steps
with slightly low apparent ages. Furthermore, there is no resolvable difference between
UVLAMP dates of the very fine-grained matrix (minerals and fragments generally
<20 µm, and much smaller than the laser footprint) and much larger clasts (with
diameters of up to a few hundreds of µm), which we would expect if partial Ar loss
had occurred during cooling (i.e., during assembly of the breccia by crystallization
from a melt or glass, or by sintering existing matrix fragments; W. C. Phinney et al.,
1976) or later reheating. We therefore interpret the distribution of dates in 63525 to
represent distinct components of a polygenetic breccia assembled from components of
different ages but similar (group 4) composition.
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The range of UVLAMP 40Ar/39Ar model dates that we determined for melt
materials and clasts in 65015,248 is broadly consistent with the range of spot melting
dates reported by O. A. Schaeffer et al. (1979), though they focused primarily on
analyzing clasts in the section 65015,186. Notably, they reported clast dates up to
3998± 70 Ma, two dates of 3859± 10 Ma and 3809± 10 Ma for sulfides in the matrix,
similar to our results. We interpret the 3806± 19 Ma isochron date that we obtained
for 15 melt analyses as the age of the impact that produced the melt in 65015. This
is younger than previously reported plateau dates, which range from ca. 3934–3849
Ma (Jessberger et al., 1974c; Kirsten et al., 1973b; Norman et al., 2006) and which
may have been variably affected by the presence of older, sub-mm-sized clasts like
those analyzed here and by O. A. Schaeffer et al. (1979).
The distribution of UVLAMP 40Ar/39Ar model dates, and the isochron date for
clast-free 63549,41 of 3798± 11 Ma, are both resolvably younger than the plateau date
of 3872±11 Ma (67 % of the 39ArK released) reported by Norman et al. (2006). We note
that the release spectrum shown by Norman et al. (2006) has several low-temperature
steps (representing ca. 8 % of the total 39ArK released) with apparent ages ranging
from ca. 3633–2125 Ma. Given the highly regular texture of 63549,41, and because our
laser footprint was always larger than the minimum grain dimensions, we suspect that
a small degree of Ar loss has uniformly affected the minerals throughout the sample
and resulted in systematically young UVLAMP analyses. This is supported by the fact
that the model UVLAMP and isochron dates overlap with a total gas date of 3816±38
calculated from the data provided by Norman et al. (2006). However, our data for
63549,41 demonstrate the reproducibility of UVLAMP 40Ar/39Ar analyses, even for
laser footprints as small as ca. 50 µm. In addition, our results for 63549,41 contrast
with those for 60315,235, 61015,197, and 63355,65 (discussed below), which clearly
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show evidence that 40Ar*/40K is spatially variable. Sample pre-heating methods like
those employed by Eichhorn et al. (1978) could be used to minimize the effects of
partial Ar loss on UVLAMP 40Ar/39Ar experiments if information about the spatial
distribution of radiogenic 40Ar* is not desired or needed.
Samples 60315 and 61015 are known to have experienced partial Ar loss based
on incremental release 40Ar/39Ar spectra that have been reported (Husain and O. A.
Schaeffer, 1973; Kirsten et al., 1973b; Norman et al., 2006; O. A. Schaeffer et al., 1976).
Our UVLAMP model dates for 60315,235 and 61015,197 demonstrate that Ar loss was
heterogeneous for both samples. The lack of correlation between apparent ages and
Ca/K ratios or the petrographic context (e.g., oikocryst interiors vs. inter-oikocryst
regions) of analyzed materials is interesting. We speculate that, for 60315,235, the
spatial heterogeneity of Ar loss may stem more from variations in diffusion domain size
rather than differences in mineralogy from one ablation volume to the next. The case
of 61015,197 is more straightforward, where the youngest UVLAMP dates obviously
correspond to ablation volumes rich in glassy materials. We interpret the oldest
UVLAMP dates for melt components in 60315,235 and 61015,197—3852± 24 Ma and
3871± 18 Ma, respectively—as minimum ages for the impact events responsible for
producing the melt in these samples. These minimum age estimates are permissive of
all the published plateau dates for these samples (Husain and O. A. Schaeffer, 1973;
Kirsten et al., 1973b; Norman et al., 2006; O. A. Schaeffer et al., 1976).
The extreme variation in apparent ages for materials in 63355,65 is remarkable
in how strongly correlated they are with Ca/K ratios and sample texture. Indeed,
the relationship between the 40Ar*/39ArK and Ca/K ratios for melt components of
63355,65 is linear (r2 > 0.95), suggesting simple two-component mixing of two distinct
age reservoirs. This can plausibly result from ablating varying proportions of the
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two components from one UVLAMP pit to the next. The oldest UVLAMP date
for melt materials provides a minimum age estimate of 3465± 22 Ma for the older
component, and the youngest provides a maximum age estimate of 792.2± 4.5 Ma
for the younger component. This is consistent with the low apparent ages of several
low-temperature steps from the release spectrum reported for 63335,3 by Alexander
and Kahl (1974). We interpret this as evidence that both 63355 and 63335 were heavily
shocked, and had the K/Ar systematics of some of their components partly reset, by
the same impact event within the last 800 Ma. While the most obvious candidate
is the North Ray impact, we cannot exclude the possibility that a large Copernican
crater in the region could have caused these features. However, such a scenario would
require the impact to have occurred into a target stratigraphy containing impact melts
with both western (group 2NR, like 63355) and eastern (group 4, like 63335) trend
compositions (as defined by Korotev, 1994). The distribution of UVLAMP dates of
clasts in 63355,65 indicates that some inherited materials are distinctly older than
the oldest melt components, while others are younger than the oldest melts. Because
the recoil distance of 39ArK during irradiation is only on the order of a few tenths of
a micrometer (Turner and Cadogan, 1974), and because our UVLAMP analyses of
clasts always had at least several microns of margin between the pit and grain edges,
we can exclude recoil of 39ArK into the clasts from adjacent K-rich phases as the cause
for such young clast dates. Rather, partial Ar loss likely occurred during or after the
impact that caused shock maskelynitization of plagioclase in the sample.
The CRE dates that we obtained from cosmochrons are comparable to the range
of published 38Ar CRE dates for other samples at Apollo 16. In particular, our CRE
dates for 63549,41 and 60315,235 are similar to those reported for ejecta from the
North Ray and South Ray craters, respectively (e.g., Drozd et al., 1974; Eugster,
256
1999). Note, however, that we have not made corrections to account for potential
shielding effects for the samples analyzed here, which may explain why our results are
slightly younger than CRE dates based on 81Kr (Drozd et al., 1974). Nevertheless, our
results demonstrate that the UVLAMP 40Ar/39Ar method can provide insights into a
sample’s cosmic ray exposure history while simultaneously providing geochronologic
information in petrographic context.
6.9 Implications for the Impact Record at Descartes-Cayley
40Ar/39Ar geochronologic studies of samples returned by the Apollo 16 mission
to Descartes-Cayley, conducted over the course of nearly five decades, demonstrate
that the majority of impact melt rocks and breccias from the site formed between
ca. 4.25–3.85 Ma, a period of roughly 400 Ma (Fig. 6.12). The UVLAMP 40Ar/39Ar
data that we report here for six samples, representative of the geochemical diversity of
Apollo 16 melts, are consistent with previous results but provide additional insights.
First, it appears that sample 63525, an ITE-poor rock that is a member of the eastern
geochemical trend (Korotev, 1994), preserves components ranging in age from ca. 4.22–
3.93 Ga (this work; Norman et al., 2006). The older components of 63525 corroborate
evidence that other ITE-poor feldspathic rocks collected from North Ray crater are
as old as ca. 4.2 Ga (Fernandes et al., 2013; Maurer et al., 1978). Additionally, there
is scant evidence that the individual aliquots of 63525 that have been dated so far
have experienced significant Ar loss. Thus, the 300 Ma range of ages for components
of 63525 appears robust, though additional analyses of 63525 and other group 4 rocks,
like the apparently ancient 63506 (Norman et al., 2006), would be informative.
257
Published 40Ar/39Ar Dates (n = 181 for 161 samples)
UVLAMP 40Ar/39Ar Dates (n = 254 for 6 samples)










Figure 6.12. KDE plot (see Vermeesch, 2012) of 181 40Ar/39Ar dates published for 161
rocks, rock fragments, and glasses from the Apollo 16 sample suite, plus 254 UVLAMP
40Ar/39Ar model dates of melt and clasts materials for the six samples studied here.
Secondly, our UVLAMP 40Ar/39Ar data suggest that 65015 may be slightly younger
than previous workers have reported, potentially because the sample aliquots analyzed
in earlier incremental heating studies may have been variably contaminated by small,
demonstrably older clasts. However, our preferred isochron age of 3806± 19 Ma is
still within the range of ages reported for other mafic, ITE-rich melts at Apollo 16
(e.g., Maurer et al., 1978; Norman et al., 2010; Norman et al., 2006). Collectively,
rocks from the western and eastern trends alike appear to preserve materials with
ages spanning roughly 300–400 Ma.
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From a review of the geochemistry of Apollo 16 regolith particles and mass balance
calculations, Korotev (1997) argued that all of the mafic impact melt breccias (i.e.,
“LKFM” and “VHA” rocks with western trend compositions, Korotev, 1994) present at
the Apollo 16 site were most likely derived from the Imbrium region (i.e., within the
Procellarum KREEP terrane), and that the Cayley Plains Formation was deposited
as a well mixed stratigraphic unit. While these interpretations provide a relatively
straightforward framework for connecting the western trend impact rocks (with ages
trickling down as low as ca. 3.8 Ga) to the Imbrium basin-forming impact, the
persistent problem of the origin of the Descartes Formation makes it more challenging
to interpret the older eastern trend rocks. If the Descartes Formation was deposited
as Nectaris ejecta (presumably dominated by rocks with eastern trend affinities) and
later reworked during the Imbrium event (e.g., Head, 1974; Spudis, 1984; Stöffler and
Ryder, 2001; Wilhelms, 1972), then a significant amount of Imbrium ejecta would
have needed to be mixed into the Descartes Formation (to a depth at least equal to
the excavation depth of North Ray crater, which was likely greater than it’s present
depth of ca. 230 m; Ulrich, 1981) to explain the abundance of mafic impact rocks in
North Ray ejecta that have western trend compositions and syn-Imbrian ages (e.g.,
Maurer et al., 1978; Norman et al., 2010; Norman et al., 2016). On the other hand, if
the Descartes Formation was emplaced as early-arriving Imbrium ejecta (i.e., before
Cayley Plains ejecta), then Imbrium ejecta must have entrained both pre-Imbrian
impact melts produced by fractional crystallization in an ITE-rich melt (Norman et al.,
2016), and pre-Imbrian (ca. 4.2 Ga) ITE-poor rocks unlike those of the Procellarum
KREEP terrane (Fernandes et al., 2013).
Supposing that the latter scenario is true, then what is the provenance of the
ancient ITE-poor rocks entrained in Imbrium ejecta? This is a challenging question
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that we cannot reasonably resolve here, and it is entirely possible that these ca. 4.2
Ga ITE-poor materials are wholly unrelated to the Nectaris basin (e.g., Norman et al.,
2016). However, it is worth reiterating that a number of impact basins have likely
contributed to the stratigraphy of the Apollo 16 site, and that lateral transport of
material between basins may have played an important role (Petro and Pieters, 2006).
Because the Apollo 16 site is within one basin radius of Nectaris and almost three basin
radii from Imbrium, it is plausible that the Nectaris basin-forming impact deposited
ITE-poor crustal materials in the pre-Imbrium target region to the northwest of the
Apollo 16 site. Such deposits could subsequently have been entrained as primary
Imbrium ejecta or remobilized by secondary impacts (e.g., Wilhelms, 1987, p. 218),
and been delivered southeastward to the Apollo 16 site. A scenario like this would
be consistent with predictions from ejecta mixing models of significant lateral mixing
(Petro and Pieters, 2006) while allowing for the observed geochemistry of the Apollo
16 regolith (Korotev, 1997) and the distribution of 40Ar/39Ar ages for both the western
and eastern trend impact rocks (Norman et al., 2010; Norman et al., 2016). Additional
geochemical and geochronologic studies will undoubtedly be required to fully explore
this possibility.
Our UVLAMP 40Ar/39Ar data for samples that have experienced post-Imbrium Ar
loss are consistent with previous incremental heating 40Ar/39Ar studies (e.g., Fernandes
et al., 2013; Maurer et al., 1978; Norman et al., 2006; Shuster et al., 2010), and provide
clues about the post-Imbrium impact record preserved at Descartes-Cayley. Samples
63355 and 63335 in particular are tantalizing because of the consistent indications
of an impact event within the last 800 Ma (this work; Alexander and Kahl, 1974),
and because we cannot exclude a non-North Ray origin for the shock features in
these samples. Additional studies aimed at constraining the shock pressure and pulse
260
duration are needed to determine whether North Ray crater did indeed shock these
samples, or whether another Copernican crater in the region is responsible.
6.10 Conclusions
High spatial resolution 40Ar/39Ar geochronology of six samples representative of the
geochemical diversity of impact rocks at the Apollo 16 site provides insights into the
complex pre-, syn-, and post-Imbrium impact record preserved at Descartes-Cayley.
Specifically, UVLAMP 40Ar/39Ar data for sample 63525,26, an aluminous fragmental
breccia that is poor in incompatible trace elements, show little evidence for partial Ar
loss and yield an isochron date of 4168±12 Ma. Combined with 40Ar/39Ar plateau dates
for this sample (Norman et al., 2006), we interpret these data to indicate that 63525
incorporated materials with different ages but similar composition (group 4, as defined
by Korotev, 1994). Our isochron date of 3806± 19 Ma for melt materials in 65015,248
indicates that the sample is slightly younger than previous estimates, likely due to
inherited, demonstrably older, sub-mm plagioclase clasts present in varying amounts
in the aliquots analyzed by the incremental heating 40Ar/39Ar method (Jessberger
et al., 1974c; Kirsten et al., 1973b; Norman et al., 2006). However, our isochron
date for 65015,248 is comparable to dates reported for other mafic, ITE-rich impact
melts at Apollo 16 (e.g., Maurer et al., 1978; Norman et al., 2010; Norman et al.,
2006). UVLAMP 40Ar/39Ar data for 63549,41 are slightly younger than published
incremental heating 40Ar/39Ar results (e.g., Norman et al., 2006), likely indicating that
Ar loss in this sample uniformly affected K-bearing minerals at spatial scales below
the resolution of the UVLAMP system. Our results for samples 60315,235, 61015,197,
and 63355,65 show that Ar loss was non-uniform within the matrices and clasts of
261
each of these samples at spatial scales greater than the resolution of the UVLAMP
system, and provide clues about local or regional post-Imbrium impact events. In
particular, our data indicate that a Copernican-aged (.800 Ma) impact caused shock
metamorphism and Ar loss in 63355,65. The ca. 50 Ma North Ray crater is the most
obvious culprit, though we cannot exclude the possibility that a different Copernican
crater in the region is the source for 63355. Finally, we obtained CRE dates between
ca. 43–1.2 Ma for 63549,41, 63525,26, and 60315,235, consistent with the range of




Figure S6.1. Backscattered electron image mosaics of the analyzed thick sections. Inset
boxes indicate the regions shown in Figs. S6.3–S6.8. Scale bars are 1 mm.
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Figure S6.2. Backscattered electron image mosaics of the analyzed thin sections. Inset
boxes indicate the regions shown in Fig. 6.3. Scale bars are 1 mm.
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Figure S6.3. Backscattered electron image mosaic of the irradiated subsection 60315,235,1,
with UVLAMP analysis locations of melt (red) and clasts (blue); beam footprints shown to
scale. Labels indicate analyses listed in Table S6.3. See Fig. S6.1 for BSE image of the full
sample. Scale bar is 1 mm.
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Figure S6.4. Backscattered electron image mosaic of the irradiated subsection 61015,197,1,
with UVLAMP analysis locations of melt (red) and clasts (blue); beam footprints shown to
scale. Labels indicate analyses listed in Table S6.4. See Fig. S6.1 for BSE image of the full
sample. Scale bar is 1 mm.
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Figure S6.5. Backscattered electron image mosaic of the irradiated subsections 63355,65,1
and 63355,65,2 with UVLAMP analysis locations of melt (red) and clasts (blue); beam
footprints shown to scale. Labels indicate analyses listed in Table S6.5. See Fig. S6.1 for
BSE image of the full sample. Scale bar is 1 mm.
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Figure S6.6. Backscattered electron image mosaic of the irradiated subsections 63525,26,1
and 63525,26,2 and 63525,26,3 with UVLAMP analysis locations of melt (red) and clasts
(blue); beam footprints shown to scale. Dashed line indicates approximate boundary between
subsections ,2 and ,3. Labels indicate analyses listed in Table S6.6. See Fig. S6.1 for BSE
image of the full sample. Scale bar is 1 mm.
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Figure S6.7. Backscattered electron image mosaic of the irradiated subsection 63549,41,1
with UVLAMP analysis locations; beam footprints shown to scale. Labels indicate analyses
listed in Table S6.7. See Fig. S6.1 for BSE image of the full sample. Scale bar is 1 mm.
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Figure S6.8. Backscattered electron image mosaic of the irradiated subsection 65015,248,1
with UVLAMP analysis locations of melt (red) and clasts (blue); beam footprints shown to
scale. Labels indicate analyses listed in Table S6.8. See Fig. S6.1 for BSE image of the full















1400400 600 1000 1200800
Figure S6.9. Representative Raman spectra for plagioclase and maskelynite in 63355,65,
arranged roughly in increasing order of crystallinity from top to bottom. Spectra are
normalized and offset arbitrarily for clarity.
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Solar 38Ar/36Ar = 0.187
60315,235 Melt & Clasts (n = 43)
CRE Date: 1.18 ± 0.22* Ma
(38Ar/36Ar)int = 0.212 ± 0.58
*Expanded by (MSWD)1/2 = (1.48)1/2
Figure S6.10. Cosmochron diagram and linear regression of UVLAMP 40Ar/39Ar data for
60315,235,1 melt and clasts. The data have been corrected for the presence of nucleogenic
isotopes produced during sample irradiation (see Materials and Methods for details). Error
ellipses, CRE age, and intercept uncertainties are all 2σ; inner and outer regression error
envelope uncertainties are 1σ and 2σ, respectively.
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100 μm
Figure S6.11. Backscattered electron image of an inter-oikocryst region in 60315,236.
Bright-grey phases are olivine, intermediate-grey are pyroxene, and the ubiquitous dark grey
phases are plagioclase. White phases are ilmenite, and the arrows indicate small patches of
mesostasis that appear even darker than plagioclase.
6.11.2 Supplementary Tables
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Table S6.1. Parameters used to recalculate published 40Ar/39Ar data for Apollo 16
samples. Quantities with a subscript “not” (e.g., tm0) were used in the original publication,
and the corresponding quantities without subscripts are the “new” values used to recalculate
the published dates. NR = not recalculated (decay/monitor-age parameters consistent).
Source # of 40K Decay†
Reference∗ Dates λ0 λ Monitor tm0 (Ma) Reference
∗ tm (Ma) Reference∗
D07 4 SJ77 NR MMhb-1 523.1 R98 NR NR
HS73 3 AW58 SJ77 NLH-25-1 2610 S71, H71 2650 S16
J74b 1 AW58 SJ77 Hb3gr 1062 P73, T71 1078.9 M15
K73 13 AW58 SJ77 NLH-25-2 2680 K73 2650 S16
M87 5 SJ77 SJ77 Hb3gr 1062 P73, T71 1078.9 M15
M78 30 AW58 SJ77 CC-27 2650 S73 2633 M15
N06 24 SJ77 SJ77 MMhb-1 513.9 L90 523.1 R98
N10 38 SJ77 SJ77 MMhb-1 513.9 L90 523.1 R98
SH74 4 AW58 SJ77 NLH-25-2 2668 H74, SH74 2650 S16
Sch73 18 AW58 SJ77 NLH-25-1 2610 S71, H71 2650 S16
Sch76 8 AW58 SJ77 NLH-25-2 2668 H74 2650 S16
Shu10 7 SJ77 SJ77 Hb3gr 1073.6 J06 1078.9 M15
S73 2 AW58 SJ77 CC-27 2650 S73 2633 M15
S74 1 AW58 SJ77 CC-27 2650 S73 2633 M15
TC75 1 AW58 SJ77 Hb3gr 1062 P73, T71 1078.9 M15
T73 2 AW58 SJ77 Hb3gr 1062 P73, T71 1078.9 M15
Z09 5 SJ77 NR MMhb-1 523.1 R98 NR NR
F13 7 SJ77 SJ77 Hb3gr 1072 F13, J06 1078.9 M15
Z15‡ 2 R10 SJ77 MMhb-1 523.1 R98 523.1 R98
Z15 16 SJ77 NR MMhb-1 523.1 R98 NR NR
∗References: D07 = Delano et al. (2007); F13 = Fernandes et al. (2013); H71 = Husain et al.
(1971); HS73 = Husain and O. A. Schaeffer (1973); H74 = Husain (1974); J74a = Jessberger
et al. (1974b); J06 = Jourdan et al. (2006); K73 = Kirsten et al. (1973a); L90 = Lanphere
et al. (1990); M78 = Maurer et al. (1978); M87 = Marvin et al. (1987); M15 = Mercer et al.
(2015); N06 = Norman et al. (2006); N10 = Norman et al. (2010); P73 = Podosek et al.
(1973); R98 = Renne et al. (1998); S71 = Sutter et al. (1971); S73 = Stettler et al. (1973);
Sch73 = O. A. Schaeffer and Husain (1973); S74 = Stettler et al. (1974); SH74 =
O. A. Schaeffer and Husain (1974); Sch76 = O. A. Schaeffer et al. (1976); Shu10 = Shuster
et al. (2010); S16 = Schmitt et al. (2016); T71 = Turner et al. (1971); T73 = Turner et al.
(1973); TC75 = Turner and Cadogan (1975); Z09 = Zellner et al. (2009); Z15 = Zellner and
Delano (2015).
†Decay constants: AW58 = Aldrich and Wetherill, 1958 (λε = 0.585× 10−10a−1,
λβ = 4.72× 10−10a−1); SJ77 = Steiger and Jäger, 1977 (λε = 0.581× 10−10a−1,
λβ = 4.962× 10−10a−1); R10 = Renne et al., 2010 (λε = 0.5755× 10−10a−1,
λβ = 4.9737× 10−10a−1).
‡Dates recalculated with the K-Ar algorithm of ArAR (Mercer and K. V. Hodges, 2016) to
adjust decay constants only.
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Table S6.2. Dates and beginning and ending times of the multistep
irradiation of the studied Apollo 16 samples (subsections of thick sections,
Table 6.1) in the CLICIT facility of the Oregon State University TRIGA
reactor, Corvallis, OR, USA. The total irradiation duration was 115
hours.
Step # Date (mm/dd/yyyy) Start (hh:mm) End (hh:mm)
1 09/02/2014 09:01 16:01
2 09/03/2014 09:17 16:17
3 09/04/2014 08:40 16:40
4 09/05/2014 08:59 12:59
5 09/11/2014 12:02 16:02
6 09/12/2014 09:00 11:00
7 09/12/2014 11:24 14:24
8 09/16/2014 08:58 16:28
9 09/17/2014 10:04 16:34
10 09/18/2014 08:42 15:57
11 09/19/2014 08:45 15:45
12 09/22/2014 10:00 16:00
13 09/23/2014 09:20 16:20
14 09/24/2014 09:34 16:34
15 09/25/2014 08:15 15:15
16 09/26/2014 08:04 15:04
17 09/29/2014 10:00 16:30
18 09/30/2014 09:51 16:30
19 10/01/2014 09:40 13:16
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Chapter 7
HIGH SPATIAL RESOLUTION 40AR/39AR GEOCHRONOLOGY OF LUNAR
IMPACT MELT ROCKS: A PROSPECTUS
7.1 Synthesis of Contributions
Collectively, the studies described in the previous chapters demonstrate the utility
of the UVLAMP 40Ar/39Ar dating technique, particularly for interrogating texturally-
complex, multicomponent samples like many lunar impact melt rocks. In this chapter,
I synthesize the major contributions and implications of my work with respect to our
understanding of the lunar impact record, and speculate on potential future research
directions in planetary impact geochronology.
7.1.1 The UVLAMP 40Ar/39Ar Technique Applied to Lunar Impact Melt Rocks
The results presented in Chapters 3–6 have a number of implications for our
understanding of: (1) the lunar impact record; (2) the design of sampling strategies for
future human and robotic exploration missions to cratered surfaces; and (3) interpreting
incremental release 40Ar/39Ar spectra of impact melt rocks. Firstly, polygenetic impact
melt rocks can provide a wealth of information about the lunar impact record over
extended time periods (Chapter 3; Mercer et al., 2015). While some of the impact
melts present in such samples may be related to basin-scale impact events (i.e., those
producing crater basins >300 km in diameter), other generations of melt materials may
instead have been produced by smaller impact events. For example, while different
components of sample 63525 may have been influenced by multiple basin-scale events
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due to excavation of material from great depths and lateral remobilization of ejecta by
multiple basin impacts (Chapter 6; see discussions in Fernandes et al., 2013; Norman
et al., 2010; Norman et al., 2006; Petro and Pieters, 2006), sample 73217 was clearly
affected by one or more non-basin impact events that occurred after the last major
basins formed (i.e., Imbrium and Orientale; see Chapter 3; Mercer et al., 2015). Even
if 63525 and 73217 only contain materials affected by a single basin-scale impact, the
oldest components in these samples are the most likely to represent those events. For
example, the lack of evidence for open system behavior in the oldest components of
fragmental breccia 63525, and the fact that inherited clasts are the same age as the
matrix in at least one split of this sample, indicate that those materials were either
excavated from great depth (e.g., see discussion in Fernandes et al., 2013) or were
thoroughly degassed due to prolonged residence in a thick, hot ejecta sheet ca. 4.2
Ga. Both scenarios are most simply explained by a basin-scale impact event, though
we recognize that more work could be done to constrain the potential thickness of an
ejecta sheet that would be able to reset all components of 63525 (see Understanding
Argon Loss in Large Ejecta Deposits). If we assume that the oldest components of
63525 and 73217 do indeed represent basin-scale impacts, then the basin-forming
period must have lasted from at least ca. 4.2 Ga to 3.8 Ga.
The samples 63525 and 73217 effectively represent, in microcosm, the distribution
of 40Ar/39Ar dates for many other samples returned by the Apollo missions (Fernandes
et al., 2013). Collectively, our UVLAMP 40Ar/39Ar data and published incremental
heating 40Ar/39Ar results for Apollo samples have potentially significant implications
for the Late Heavy Bombardment (LHB) hypothesis. In particular, the growing body
of evidence for ca. 4.2 Ga impact products (e.g., Fig. 6.12, Chapter 6; Fernandes et al.,
2013; Maurer et al., 1978; Norman et al., 2016; Norman et al., 2006)—which represent
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at least one ancient basin-scale impact within, and likely one or more basin-scale
impacts outside of, the Procellarum KREEP terrane—is not consistent with a single
cataclysmic spike in the impactor flux around 3.9 Ga. Rather, it is more consistent
with a prolonged period of lunar bombardment and basin formation (Zellner, 2017),
and the paucity of impact products older than 4.2 Ga may be due to the destruction
or burial of older samples accessible at the lunar surface (e.g., Chapman et al., 2007;
Hartmann, 1975; Hartmann, 2003) and/or Ar loss induced by impacts and other
activity such as magmatism (e.g., Boehnke and Harrison, 2016). However, while the
basin-forming period on the Moon appears to have lasted for at least 400 Ma and
largely rules out the strongest form of the LHB hypothesis (the so called “Lunar
Cataclysm,” involving a single intense period of bombardment around 3.9 Ga in which
all of the major impact basins were formed; Bottke et al., 2012; Zellner, 2017), the
possibility that one or more periods of increased bombardment occurred superposed on
an otherwise monotonically decreasing impactor flux over a prolonged period cannot
be ruled out (Morbidelli et al., 2012). For example, the Nectaris basin appears to be
associated with the onset of a period of increased bombardment in which the average
incident velocity of impactors at the Moon increased by a factor of two (Marchi et al.,
2012). Continued efforts to precisely and accurately date stratigraphically important
lunar basins other than Imbrium, such as the Serenitatis, Crisium, and Nectaris
basins, will be important for understanding the intensity and duration of such periods
of increased bombardment with respect to the overall duration of basin formation
(Marchi et al., 2012; Spudis et al., 2011; Zellner, 2017).
Our results also have some bearing on the topic of calibrating crater size-frequency
distributions (CSFDs) of lunar regions to radiometric time. In particular, our
UVLAMP 40Ar/39Ar results combined with published geochemical and 40Ar/39Ar
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studies of Apollo 16 samples (e.g., Chapter 6; Maurer et al., 1978; Norman et al., 2010;
Norman et al., 2006) indicate that both the Cayley Plains and Descartes Mountains
Formations include impact rocks both rich and poor in incompatible trace elements
(ITEs) with ages as young as ca. 3.8 Ga. Much as the deposition age of a terres-
trial conglomerate is constrained by the youngest clast lithology, the youngest melt
products in the Cayley Plains and Descartes Mountains Formations constrain the
time that these units were deposited. However, researchers attempting to calibrate
lunar CSFDs to radiometric time have commonly adopted older ages for surfaces
near the Apollo 16 site (e.g., Marchi et al., 2009; Neukum et al., 2001; Robbins,
2014; Stöffler and Ryder, 2001). Similarly, researchers commonly selected a single age
for the Taurus-Littrow Mare (e.g., Marchi et al., 2009; Robbins, 2014) even though
the basalts sampled during the Apollo 17 missions have ages spanning over 300 Ma
(Schmitt et al., 2016). These issues are symptomatic of the choices of sample ages that
have been deemed representative of many CSFD calibration surfaces, and indicates
that a comprehensive review of geochronological datasets is warranted to improve
current cratering chronologies (see supplement of Robbins, 2014). This will require
a comprehensive compilation of all published 40Ar/39Ar data for relevant calibration
surfaces. In addition, these data will need to be recalculated to use a consistent set of
decay, isotopic, and monitor-age parameters (e.g., using the ArAR tool; Chapter 2,
Mercer and K. V. Hodges, 2016). Because there is currently no consensus within the
geochronological community regarding which values are best for these parameters, it
may be difficult to fully reconcile 40Ar/39Ar data for lunar samples with U/Pb datasets
for lunar zircons and phosphates. This is problematic since such datasets have recently
been used to interpret new ages for some impact basins, including a ca. 3.92 Ga age
for the Imbrium basin (Liu et al., 2012; Snape et al., 2016; Thiessen et al., 2017)—
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distinctly older than the youngest melt products present in the Cayley Plains and
Descartes Mountains Formations, as determined by the 40Ar/39Ar method. Therefore,
it will be important to include external uncertianties (i.e., those related to the decay,
isotopic, and monitor-age parameters) in any reassessment of the geochronological
data used for calibrating CSFDs for lunar surfaces.
Evidence for marked inter- and intra-sample variability (Chapters 3 and 6), com-
bined with empirical and theoretical evidence that polygenetic impact melt rocks
can quantitatively preserve chronological information for multiple events (Chapters 3
and 4), has implications for the design of sampling strategies for future exploration
missions to cratered surfaces. In particular, it is important to resolve the ages of
different melt generations for multiple samples from a site to gain the fullest insight
into the impact history of a region. For missions lacking surface mobility or that
have limited payload capacity, breccias with visible evidence for a polygenetic origin
should be considered high-value sampling targets. Multichronometric studies coupled
with detailed petrographic and geochemical analyses will maximize potential insights
into the impact records of visited surfaces. For polygenetic impact melt rocks that
are texturally complex on small spatial scales (like 73217), high-spatial resolution
geochronology techniques like the UVLAMP 40Ar/39Ar method may provide the only
avenue for obtaining meaningful interpretations of the ages of individual impact events.
Our UVLAMP 40Ar/39Ar data provide insights into some of the complexities that
have been observed in incremental release spectra of lunar impact melt rocks. We
found that in some samples there are strong mineralogical controls dictating the
petrographic location and degree of Ar loss, while for other samples there are no clear
mineralogical controls. These results complement previous incremental heating and
IR laser spot-melting 40Ar/39Ar studies, and provide additional constraints on the ages
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of these samples (Chapters 5 and 6). However, some of our UVLAMP 40Ar/39Ar data
show no correlation between clast size and apparent age for some mineral and lithic
clasts, in contrast to the IR laser-melting work of Müller et al. (1977) and Eichhorn
et al. (1978). In addition, we found evidence in multiple samples that some mineral
clasts are younger than the oldest melt components, though we do not think that
recoil redistribution of nucleogenic 39ArK is the mechanism in these cases (Chapters
5 and 6). This implies that the details of Ar diffusion may be complex in some
impact melt rocks, potentially due to the presence of sub-grain diffusion domains in
some minerals, or because of transient heating events that exceed the temperatures
of kinetic crossovers among the diffusivities of multiple phases (e.g., Boehnke et al.,
2016; Cassata et al., 2010; Harrison et al., 1991). The classical interpretation of 39ArK
recoil for incremental release scpectra that exhibit younger apparent ages at high
experimental temperatures (e.g., Cadogan and Turner, 1976; Dalrymple and Ryder,
1991; Dalrymple and Ryder, 1996; Norman et al., 2006; Turner and Cadogan, 1974)
may need to be revisited for samples that contain such young clasts.
7.1.2 ArAR — A Software Tool Supporting 40Ar/39Ar Geochronology of Terrestrial
and Extraterrestrial Materials
Because the geochronology community continues to refine analytical techniques
with the goal of improving the precision and accuracy of 40Ar/39Ar dating, it will be
imperative to be able to compare previous works to new results. I designed the ArAR
software to facilitate this process (Chapter 2), allowing both geochronologists and
non-specialists who frequently use 40Ar/39Ar data to more easily account for changes
in the decay, isotopic, and monitor age parameters in a robust way. Because the
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40Ar/39Ar method has been, and continues to be, widely applied to geochronological
studies of both terrestrial and extraterrestrial materials, the ArAR tool will be useful
for efforts to archive and curate existing and future 40Ar/39Ar datasets.
7.2 Future Research Directions
7.2.1 Future Studies of Lunar and Meteoritic Impact Melt Rocks
The UVLAMP 40Ar/39Ar technique is a powerful way to study texturally complex
samples, like many lunar impact melt rocks, and should continue to be applied in
studies of lunar and other extraterrestrial impact rocks. For example, while many
research groups have performed incremental heating 40Ar/39Ar experiments on samples
from the Station 6 and 7 boulders located at the base of the North Massif in the
Taurus-Littrow Valley (e.g., Cadogan and Turner, 1976; Dalrymple and Ryder, 1996;
Mercer et al., 2015; Stettler et al., 1974; Stettler et al., 1975; Stettler et al., 1978), there
have been fewer such studies of boulder samples from the base of the South Massif
(e.g., Dalrymple and Ryder, 1996; Leich et al., 1975; O. A. Schaeffer et al., 1982). New
incremental heating and UVLAMP 40Ar/39Ar studies of the polylithologic boulders
at the base of the South Massif would be beneficial in clarifying the stratigraphic
relationships between the North and South Massif deposits and provide new insights
into their provenance (Schmitt et al., 2016). In the future, samples returned by
new robotic and/or human missions to the lunar surface should be analyzed using a
multichronometric approach (including high-spatial resolution approaches), and could
have important implications for our understanding of the lunar impact record. For
example, samples returned from the exposed impact melt of the Crisium impact basin
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could improve our understanding of the pace of basin formation early in lunar history
(Spudis and Sliz, 2017), and could shed new light on the interpretation of samples
from the Apollo 17 site that may have been delivered as Crisium ejecta (Schmitt et al.,
2016). As another example, samples returned from the melt sheets of Copernican
craters such as Tycho, or from relatively young maria, could provide important new
constraints for CSFD calibration studies.
In addition, the UVLAMP 40Ar/39Ar technique could be applied to lunar meteorites
to build upon previous incremental heating and IR laser spot-fusion studies (e.g.,
by Cohen et al., 2000; Cohen et al., 2005; Fernandes et al., 2009; Fernandes et al.,
2003; Fernandes et al., 2000), and to study new stones that have not yet been dated.
The UVLAMP 40Ar/39Ar method would also be particularly useful in studying other
shocked meteorites that contain thin melt veins (e.g., Hu and T. G. Sharp, 2016) to
constrain the timing of impact and explore the spatial variability of Ar loss in the
host materials in comparison to the predictions made in Chapter 4. Future studies
like these are also important because they will continue to refine our knowledge of the
temporal evolution of the flux of impactors in the inner Solar System, and, in the case
of lunar meteorites, because they can provide these insights without the influence of
the Imbrium basin.
7.2.2 Understanding Argon Loss From Samples in Large Ejecta Deposits
Deposits of basin ejecta are generally expected to be hot enough and thick enough
in places to cause a high degree of Ar loss (e.g., O. A. Schaeffer and Husain, 1974;
Turner et al., 1973). However, if the contention that the Descartes Formation was
deposited as ejecta from the Imbrium basin-forming impact is true (Eggleton and
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Marshall, 1962; C. A. Hodges and W. M. Muehlberger, 1981; Norman et al., 2010;
Norman et al., 2016), then the roughly 400 Ma range in 40Ar/39Ar dates for samples
from the Descartes Formation could arguably indicate that distal basin ejecta are not
emplaced at sufficiently high temperatures to fully reset the 40Ar/39Ar chronometer
throughout the deposit. The roughly 100 Ma range in 40Ar/39Ar ages observed for
impact melt rocks sampled in boulders from the North Massif at the Apollo 17
site (Schmitt et al., 2016) could be interpreted similarly, and may indicate that even
proximal ejecta deposits (e.g., deposits of Serenitatis ejecta that are hundreds of meters
thick at the Apollo 17 site) do not fully reset the 40Ar/39Ar chronometer throughout
the entire stratigraphic package. Future work should be aimed at quantifying the
volumetric extent of Ar loss within large ejecta deposits, and may provide new insights
into interpretations of 40Ar/39Ar dates for samples from many of the Apollo landing
sites. This work could include thermal and diffusive loss modeling (using a similar
approach to that employed in Chapter 4), as well as UVLAMP 40Ar/39Ar experiments
on samples of ejecta from terrestrial craters such as the Reis impact structure in
Germany. Such efforts should include considerations of the effects of: (1) geothermal
gradient on the temperature of excavated rocks; (2) mixing of cold substrate during
ejecta deposition and secondary impacts; and (3) potential post-deposition effects such
as hydrothermal activity at terrestrial impact sites. Such work has the potential to
clarify interpretations of older Apollo 16 samples (like components of 63525) as older
basin-related impact products, particularly if the range of realistic thermal histories
can be constrained in the context of models of megaregolith evolution that include
lateral transport and mixing of materials among lunar impact basins.
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7.2.3 Understanding Argon Loss Due to Shock and Transient Heating
Many experiments designed to quantify the diffusion kinetics of Ar in K-bearing
minerals and glasses are performed with heating steps ranging from minutes to hours to
days (e.g., Boehnke et al., 2016; Cassata et al., 2009; Cassata and Renne, 2013; Cassata
et al., 2011; Gombosi et al., 2015; Harrison et al., 1991; Lovera et al., 1989; Lovera
et al., 1991). However, many lunar samples and meteorites experience much shorter
durations (nanoseconds to seconds) at high shock pressures and temperatures during
impact (e.g., T. G. Sharp and DeCarli, 2006; T. G. Sharp et al., 2015). Experiments
designed to quantify the kinetics of Ar loss during transient shock compression and
heating events would be useful for interpreting incremental heating and UVLAMP
40Ar/39Ar datasets for highly shocked samples (e.g., 63355 and 63335; see Chapter 6).
These experiments could include shock experiments (e.g., at the NASA Ames Vertical
Gun Range) and UVLAMP 40Ar/39Ar analysis of terrestrial samples known to have
well-behaved pre-shock incremental release 40Ar/39Ar spectra. Efforts in this direction
could also involve 40Ar/39Ar experiments with high-temperature, transient heating
of monomineralic and polymineralic samples. Such studies could provide important
constraints on numerical models that include the effects of shock pressure (in addition
to shock heating) on the kinetics of Ar diffusion in K-bearing minerals, glasses, and
rocks (e.g., Boehnke et al., 2016).
7.2.4 Building Software Tools in Support of Planetary Geochronology
As with many other fields of science in the information age, computing plays
a significant role in geochronology, and new components of cyberinfrastructure are
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being developed to accelerate data processing, visualization, and archiving (e.g.,
Bowring et al., 2011; McLean et al., 2016). These efforts include a community-driven,
platform-independent replacement (currently being developed under the name Topsoil;
https://github.com/CIRDLES/Topsoil) for the venerable but now-unsupported Isoplot
data visualization software (http://www.bgc.org/isoplot_etc/isoplot.html). Future
efforts could also include development of platform-independent software for 40Ar/39Ar
data reduction, and could potentially implement new strategies to fully account
for error correlations in datasets obtained with single- and multi-collector mass
spectrometers (Vermeesch, 2015).
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